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THE  "ASTROXOMIC.\L  ATO:^!'  AND  THE  SPECTR.\L 
SERIES  OF  HYDROGEN 

By  FERNANDO  SANFORD 

In  a  paper  published  in  the  Astrophysical  Journal  of  Xovember, 
1916  (44,  201-209),  the  present  writer  was  able  to  show  that  on  the 
assumption  that  radiating  electrons  are  revolving  in  elliptical  or 
circular  orbits  about  a  central  positive  charge  with  velocities  such 
that  the  photo-electric  equation  \mv^  =  hv  applies  to  them,  their 
orbital  radii  may  be  computed,  and  that  these  radii  bear  a  linear 
relation  to  the  corresponding  atomic  radii  computed  from  other 
considerations. 

In  a  paper  on  ''The  Nuclear  Charges  of  Atoms,"  pubHshed  in 
the  Physical  Review  of  May,  191 7  fg,  383),  it  was  shown  that  on 
the  same  assumptions  regarding  the  electrons  which  emit  X-rays 
it  is  possible  to  compute  the  nuclear  charges  of  the  radiating  atoms 
by  means  of  Moseley's  equations  for  X-ray  frequency,  and  that 
these  charges  are,  as  suggested  by  van  den  Broek,  simple  multiples 
of  the  unit  electrical  charge. 

It  is  the  purpose  of  the  present  paper  to  discuss  the  spectral 
series  of  hydrogen  on  the  same  h^-pothesis. 

As  a  justification  for  the  fundamental  assumption  adopted  in 
this  and  in  the  earlier  papers,  viz.,  that  electrons  while  emitting 
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radiation  are  revolving  in  elliptical  or  circular  orbits,  it  may  be 
permitted  to  call  attention  to  the  fact  that  it  is  this  assumption 
which  has  made  it  possible  to  calculate  the  correct  value  of  e  m 
from  the  Zeeman  effect.  The  hypothesis  here  used  differs  from  that 
used  by  Zeeman  only  in  assuming  that  the  central  force  by  which 
the  revolving  electrons  are  held  in  their  orbits  is  electrical,  while 
the  Zeeman  effect  may  be  explained  equally  well  by  assuming  this 
to  be  an  elastic  force  of  any  kind. 

As  regards  the  use  of  the  Einstein  photo-electric  equation,  it 
seems  to  be  experimentally  proved  that  the  energy  of  the  cathode 
rays  which  give  rise  to  the  X-ray  spectrum  as  well  as  the  energy 
of  the  electrons  which  are  liberated  by  the  action  of  X-rays  on 
metals  may  be  calculated  from  the  vibration-frequency  of  the 
induced  or  inducing  X-rays  by  using  the  equation  ^mv^  =  hv,  where 
V  is  the  vibration-frequency  of  the  X-rays  and  h  is  the  Planck 
radiation  factor,  viz.,  6.55  •  io~'^  ergs/sec. 

The  same  relation  has  been  shown  to  hold  in  the  case  of  electrons 
liberated  by  the  action  of  ultra-violet  light  upon  metals,  and  in  the 
case  of  electrons  which  induce  the  single-line  spectra  in  numerous 
elements.  It  accordingly  seems  extremely  probable  that  it  holds 
in  the  case  of  the  other  lines  of  a  spectral  series  which  lie  between 
the  ultra-violet  rays  and  the  less  refrangible  rays  of  the  single-line 
spectrum. 

The  only  new  assumption  involved  in  the  use  of  the  equation 
in  this  and  the  earlier  papers  referred  to  is  that  the  kinetic  energy 
of  the  free  electrons  is  transformed  into  or  results  from  the  kinetic 
energy  of  orbital  revolution. 

It  is  well  known  that  since  the  important  discovery  by  Balmer 
that  the  wave-lengths  of  a  group  of  lines  in  the  hydrogen  spectrum 
could  all  be  expressed  mathematically  in  terms  of  a  single  funda- 
mental number,  much  attention  has  been  devoted  to  the  discovery 
and  computation  of  spectral,  series.  As  a  result  of  this  work,  a 
number  of  empirical  formulae  have  been  proposed  by  means  of 
which  the  wave-lengths  of  certain  groups  of  lines  may  be  computed 
with  considerable  accuracy.  These  formulae,  with  the  exception 
of  some  proposed  by  Ritz,  have  no  theoretical  basis,  and  all  are 
merely   empirical   rules   for   calculating   the   wave-lengths   under 
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consideration.  Konen/  in  referring  to  this  fact,  says  that  no 
relation  between  any  of  the  constants  used  in  these  computations 
and  any  physical  properties  of  the  atom  have  ever  been  discovered. 
He  admits  as  the  one  possible  exception  to  this  statement  the 
relation  between  the  ionic  charges  of  certain  elements  and  the 
convergence-frequencies  of  their  corresponding  spectral  series,  to 
which  attention  was  called  by  the  present  writer  in  the  Astro- 
physical  Journal  of  October,  191 2  (36,  255-262),  but  he  ends  by 
rejecting  the  ionic  charges  as  true  physical  constants. 

In  this  connection  it  seems  to  the  present  writer  that  the  recog- 
nition by  Rydberg  of  the  fundamental  frequency  factor  which  he 
calls  -V  is  the  most  significant  step  in  the  theory  of  spectral  series 
which  has  been  made  since  Balmer's  original  discovery  in  1885. 

The  discoveries  which  have  resulted  largely  from  the  work  of 
Barkla  and  the  Braggs  have  shown  that  most  elements  emit  one  or 
more  characteristic  groups  of  X-rays  which  resemble  in  their 
spectra  the  visible  band  spectra  of  many  substances.  In  many  of 
the  elements  two  of  these  X-ray  spectral  bands  are  known;  in 
elements  of  the  highest  atomic  weight  only  one  band  is  known,  and 
in  a  few  of  the  lighter  elements  no  characteristic  X-rays  have  cer- 
tainly been  observed. 

The  general  position  of  these  spectral  bands  is  given  for  each 
element  by  Moseley's  equation,  v  =  A{N  —  hy,  where  v  is  the 
vibration-frequency  which  gives  rise  to  the  spectral  line  under 
consideration,  X  is  the  serial  number  proposed  by  Rydberg  and 
van  den  Broek  (not  the  Rydberg  frequency  factor  .V),  and  A  and  h 
are  constants  for  a  particular  tv'pe  of  radiation. 

With  the  exception  of  those  physicists,  if  any  there  be,  who 
advocate  the  Bohr  h\-pothesis,  there  seems  to  be  a  consensus  of 
opinion  that  visible  radiation,  including  infra-red  and  ultra-violet, 
as  well  as  X-radiation,  is  due  in  some  manner  to  oscillations  of 
electrons  in  an  atomic  system.  This  being  the  case,  it  would  seem 
that  whatever  system  of  oscillating  electrons  gives  rise  to  X-rays 
must  form  at  least  a  part  of  the  system  which  emits  visible  radiation. 

There  have  been  several  h^'potheses  regarding  the  necessary 
structure  of  an  atomic  system  which  shall  be  capable  of  giving  oft 

^  Das  Leiichten  dcr  disc  mid  Daempfc.  p.  195. 
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discontinuous  spectra  similar  to  those  which  have  been  observed. 
The  proposers  of  these  hypotheses,  with  the  exception  of  Ritz, 
have  assumed  that  the  radiating  electrons  oscillate  under  the 
influence  of  electric  forces.  At  the  present  time  opinion  seems 
to  favor  some  hypothesis  similar  to  the  one  proposed  by  Rutherford, 
and  for  which  Lodge  has  proposed  the  name  "Astronomical  Atom  " ; 
viz.,  of  one  or  more  electrons  revolving  about  a  central  positive 
mass  in  which  most  of  the  inertia  of  the  system  is  located. 

It  is  plain  that  an  electron  revolving  about  a  positive  charge 
will  set  up  an  oscillating  electric  field  which  will  be  transmitted  by 
the  ether.  The  orbital  revolution  is  necessarily  only  a  temporary 
condition  and  can  be  maintained  only  while  energy  is  being  supplied 
to  the  system.  The  condition  of  the  electron  when  not  in  revolution 
is  not  at  present  under  consideration.  The  only  question  now  raised 
is,  Will  such  a  rotation  account  for  any  of  the  known  laws  of  radia- 
tion ?  Or,  putting  it  another  way,  Will  this  assumption  combined 
with  either  of  the  known  laws  of  radiation,  e.g.,  Einstein's  law  or 
Moseley's  law,  enable  us  to  calculate  the  other  known  law  from  it  ? 

The  article  on  nuclear  atomic  charges  already  referred  to  has 
answered  this  question  in  the  affirmative,  since  it  showed  that 
the  nuclear  charges  calculated  by  means  of  Einstein's  equation  and 
the  law  of  circular  motion  have  the  same  value  as  those  calculated 
from  Moseley's  law  and  the  unit  electrical  charge. 

If  we  consider  the  atom  as  a  mere  planetary  system,  we  can  see 
no  reason  why  the  electrons  should  revolve  in  certain  fixed  periods 
which  are  closely  related  in  the  atoms  of  different  elements,  or  why 
there  should  be  such  a  thing  as  a  spectral  series.  A  satellite  may 
revolve  about  its  primary  at  any  distance  if  it  has  the  proper 
tangential  velocity.  In  the  case  of  a  single  electron  revolving  about 
a  positive  central  charge,  it  is  only  necessary  that  mv^/R  =  Qe/R', 
where  Q  is  the  central  positive  charge  and  e  the  negative  electronic 
charge.  The  case  is  different  if  we  locate  a  number  of  electrons 
outside  the  primary  charge.  In  this  case  each  revolving  electron 
reduces  the  effective  central  charge  for  all  electrons  whose  orbits 
lie  outside  its  own,  so  that  we  have  three  variables,  Q,  v,  and  R,  to 
take  into  consideration.  It  will  accordingly  be  necessary  to  use 
some  equation  besides  the  general  equation  for  circular  motion  to 
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account  for  the  possible  spacing  of  a  number  of  electrons  around  a 
positive  charge. 

Both  of  the  equations  which  have  been  found  to  apply  to  X-rays 
are  of  the  discontinuous  character  suggested  by  what  has  been  said. 
One  of  them  has  a  discontinuity  based  upon  the  serial  number  of 
the  element  and  the  other  has  one  based  upon  the  Planck  radiation 
factor,  //.  This  latter  equation  shows  that  not  all  frequencies  of 
radiation  are  possible,  but  only  those  which  radiate  a  definite 
quantity  of  energy  at  each  revolution. 

Let  us  combine  this  equation  for  energy  radiated  with  the 
equation  for  circular  motion  and  see  what  limitations  are  thereby 
imposed  upon  the  latter. 

Our  fundamental  equations  are  then  as  follows: 

Qe/R'  =  mv'/R,  and  Qe'R  =  mv'  (i) 

mv^  —  2hv=  2hc/\  ( 2 ) 

V=2irRv.  (3) 

We  have  here  three  equations  involving  the  variables  Q,  R,  v, 
and  X,  and  by  means  of  these  we  may  express  any  one  of  these 
variables  in  terms  of  one  of  the  others  and  of  known  quantities 
or  of  a  numerical  quantity.  In  computing  these  relations  the 
following  values  of  constants  are  used : 

/?  =  6. 55  •  10-^7. 
e/m  =  i  .765  •  lo''  E.M.U. 
c  =  4.774  •  io-^°  E.S.U. 

C=2  .9989  •   IO^°. 

Then, 

Q  =  hv/e7r  =  4.T,6'j  v  -  io~'^.  (4) 

2hc      A.T,<7'10^°         ,  6.60 -lO^ 


From  (4)  and  (5),  Q  =  e'n--\ 
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2h^c     2.882  •  lo-'- 


fnK 


1    X 


(6) 


From  (i)  and  (4),  i?z'  =  /z/w7r=2  .312.  (7) 


^OX  '  ID 


-6 


Also,  R  =  -"'^  -^ .  (8) 

l/X 


Of  course,  many  other  similar  relations  may  be  shown. 

The  foregoing  equations  allow  us  to  compute  the  kinetic  energy 
of  the  revolving  electrons  from  two  distinct  considerations.  Thus, 
from  equation  (i),  ^mv^^Qe/iR;  from  the  photo-electric  equa- 
tion, ^mv^  =  hv.  One  of  these  equations  involves  the  assumption 
of  orbital  motion  and  the  other  does  not. 

It  is  a  frequent  characteristic  of  the  spectra  of  elements  that 
there  are  several  pairs  of  lines  whose  vibration-frequencies  differ 
by  a  constant  number.  From  the  photo-electric  equation  the 
kinetic  energies  of  the  electrons  which  produce  these  lines  must 
differ  by  a  constant  quantity,  AJiv.     Hence  we  may  write  Al/v  = 

-(^'— — M  .     I  have  computed  these  differences  of  energv  bv  the 

two  methods  from  seventeen  pairs  of  lines  in  the  thallium  spectrum 
which  differ  by  about  7791  vibrations  per  cm  and  both  give  the  same 
value  for  the  constant  energy  difference,  viz.,  i .  54  •  io~''  ergs  sec. 
The  agreement  is  equally  good  for  the  two  triplet  series  of  mercury, 
the  frequency-dift'erences  being  alternately  4630  and  1766. 

We  may  also  test  our  equation  for  orbital  motion  in  another 
manner.  Thus  the  potential  dift'erences  necessary  to  produce  the 
single-line  spectra  of  a  number  of  elements  have  been  determined, 
and  the  wave-lengths  of  the  spectral  lines  are  known.  The  velocity 
given  to  the  inducing  electrons  by  the  potential  difference  required 
to  set  up  the  radiation  may  be  calculated  from  the  equation  1  = 
5  .  95I   E'io\  where  E  is  volts  and  v  the  electron  velocity  in  cm  sec. 

But  V  may  be  calculated  in  terms  of  the  wave-length  of  the 
given  spectral  line  from  equation  (5),  viz.,  z'  =  6.6o  •  10"  '  X. 
Equating  these  two  values  of  v,  we  have  £=  i .  23  •  io~^,  i    X. 


THE  ''  ASTROXOMICAL  ATOM"  ■  7 

In  Table  I  are  given  the  observed  and  calculated  voltages 
necessary  to  produce  the  single-line  spectra  of  a  number  of  elements. 
It  will  be  seen  that  in  every  case  the  observed  value  is  just  a  httle 
greater  than  the  minimum  theoretical  value. 

TABLE  I 


Element 

Mercury 

Zinc 

Cadmium 

Magnesium.  .  . 

Calcium 

Strontium .  .  .  . 
Barium 


£Obs. 


E  Calc. 


2537 

4 

89 

4 

85 

3076 

4 

04 

4 

00 

3260 

3 

81 

3 

77 

2852 

4 

35 

4 

31 

4227 

2 

94 

2 

91 

4608 

2 

69 

2 

67 

5536 

2 

24 

2 

22 

Passing  to  the  consideration  of  the  spectral  series  of  hydrogen, 
it  is  well  known  that  the  most  successful  equation  for  calculating 
the  wave-lengths  of  a  spectral  series  from  a  fundamental  wave- 
length is  the  one  proposed  by  Balmer  for  the  series  which  has 
since  borne  his  name.  In  addition  to  the  Balmer  series  three  other 
series  have  been  successfully  calculated  in  hydrogen.  One  of  these 
was  first  discovered  in  stellar  spectra  by  E.  C.  Pickering;  another, 
generally  known  as  the  principal  series,  was  made  out  by  Rydberg; 
and  still  another  was  predicted  by  Ritz  in  the  extreme  ultra-violet 
and  was  discovered  by  Lyman. 

If,  as  has  been  shown  in  the  case  of  X-rays,  the  atomic  charge 
is  the  variable  quantity  upon  which  the  wave-length  of  the  spectral 
lines  is  based,  it  should  be  possible  to  find  a  characteristic  hydrogen 
charge  which  may  serve  as  a  starting-point  for  calculating  the 
eft'ective  charge  to  which  each  spectral  line  is  due. 

We  have  seen  that  upon  the  h}pothesis  of  a  planetary  orbit 
for  each  radiating  electron  its  effective  charge  may  be  computed 
from  the  equation  Q=  2 .882  •  io~ '^  1  X.  It  is  accordingly  possible 
to  compute  this  h}'pothetical  charge  for  every  line  in  the  Balmer 
series,  and  if  our  hypothesis  is  correct  these  charges  should  be 
capable  of  computation  in  terms  of  a  single  charge  by  a  serial 
formula  of  the  same  character  as  the  serial  formula  for  wave-length. 
Since  in  our  equation  for  the  central  charge  Q°^^/^   X,  it  will  be 
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convenient    to    use    the    Balmer    equation    in    the    form    i  'X  = 
It  should  then  be  possible  to  calculate  Q  from  this 

In  this  equation  A  becomes  a 


wf 


m 


equation  by  writing  Q  =  A-\I 

fundamental  atomic  charge  from  which  all  the  other  charges  are 
computed.  To  determine  A  we  have  only  to  calculate  the 
charge   corresponding   to   each   spectral   line   from    the   equation 


(2=2 


■I^/1 


\  and  to  divide  this  charge  bv  \ for 

\    pf 

the  corresponding  line.  The  results  of  this  computation  for  the 
first  nine  lines  of  the  Balmer  series  and  for  the  line  for  which  w  =  31 
are  given  in  Table  II. 

TABLE  II 


3 
4 
5 
6 

7 
8 

9 
10 
II 
31 


A  •  10" 


6563 
4861 
4340 
4102 
3970 
3889 
3835 
3798 
3770 
3661 


07 

3 

57 

4 

53 

4 

00 

4 

33 

4 

15 

4 

51 

4 

00 

4 

73 

4 

31 

4 

•55» 
•135 
•373 
.496 

•574 
.618 
.656 
.678 
.694 
•763 


776 
774 
774 
769 

774 
771 

775 
774 
773 
773 


The  foregoing  values  of  the  fundamental  charge  of  hydrogen  cal- 
culated from  the  Balmer  series  give  a  mean  value  of  4.773  *  io~'° 
E.S.U.,  and  we  may  write  the  equation  for  the  efltective  charges 

/w^  — 4 


corresponding  to  the  lines  of  the  Balmer  series  Q  =  eyJ j^  ,  where 

e  is  the  unit  electrical  charge.  This  makes  it  possible  to  calculate 
the  wave-lengths  of  all  the  lines  in  the  Balmer  series  in  terms  of 
the  unit  electrical  charge  and  the  serial  number  of  the  line,  thus, 
■       8.306  '  IP"''* 


m^ 
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This  equation  also  enables  us  to  give  a  physical  meaning  to  the 
Rydberg   frequency-constant   N.     Thus    the    Balmer   formula    is 

frequently  written  i  X  =  .v(|  — ~j  .     The  corresponding  equation 

for  the  central  charge  then  takes  the  form  0  =  ^'\/t  —  —  . 

If  we  compute  A'  from  this  equation  it  necessarily  comes  out 
twice  as  great  as  A  in  the  former  equation,  and  our  equation  for 


Q  becomes  Q  =  2e\\\ ; .     Since  the  value  of  Q  increases  with  an 

increase  of  m  until  it  becomes  Q  =  2ey  \,  it  necessarily  gives  the 
same  value  for  the  atomic  charge  as  does  the  former  equation. 

It  follows  from  this  that  the  Rydberg  frequency,  N ,  is  the 
frequency  which  would  be  given  by  an  electron  revolving  about  a 
positive  charge  Q  =  le. 

For  the  Pickering  series  in  hydrogen  Ritz  gives  the  formula 


i/X  =  A^ 


This  equation  reduces  to  the  same  value 


for  iV  as  does  the  Balmer  equation,  and  for  m=  oc,  ()  =  2^1    j  , 

Since  this  is  a  series  which  seemingly  cannot  be  accounted  for 
by  the  Bohr  equation,  and  which  Bohr  accordingly  regards  as  a 
helium  series,  it  may  be  worth  while  to  compute  the  value  of  the 
fundamental  atomic  charge  from  the  wave-lengths  of  some  of  the 
lines  of  this  group. 

In  Table  III  are  given  the  values  of  2e  computed  from 
the  first  eight  lines  of  the  Pickering  series,  using  the  equation 

26  =  —  ,  Q  being  calculated  as  before  from  the  equa- 

\'*     (m-fo.5)^ 
tion  0  =  2.882  •  lo-'Vl    X- 

The  lines  of  the  Pickering  series  accordingly  give  a  mean  value 
for  26  of  9.544,  making  ^  =  4.772. 

The  principal  series  of  hydrogen  lies  in  the  ultra-violet,  with 
the  exception  of  a  single  line.  Rydberg  has  calculated  the  position 
of  this  series  from  the  formulae  for  the  Balmer  series  and  the 
Pickering  series,  and  a  number  of  the  lines  have  been  observed  in 
hot  stars,  though  not  in  the  vacuum-tube  discharge.     The  Ritz 


lO 
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formula  for  this  series   is    i/X  =  iV 


transform  into  Q=2e 


(i.sY     (m  +  i)-' 


(1.5)^     (m+iy 


It  should 


TABLE  III 


3- 
4- 
5- 
6. 

7- 
8. 

9- 
10. 


A.  ic 

« 

Q- 

10'" 

2e 

5413-6 

3.916 

9 

4542 

4 

4 

276 

9 

4200 

7 

4 

447 

9 

4026 

0 

4 

542 

9 

3924 

0 

4 

600 

9 

3860 

8 

4 

641 

9 

3815 

7 

4 

063 

9 

3783 

4 

4 

686 

9 

545 
543 
542 
543 
549 
536 
544 


The  values  of  2e  computed  from  this  equation  and  a  few  of  the 
lines  of  the  series  are  given  in  Table  IV. 


TABLE  IV 


m 

A.  108 

Q  .  io'» 

2e  •  io'» 

4687.88 

273455 
2386.50 

2253-74 
2187.60 

4.207 
5-510 
5.900 
6.067 
6.158 

9-54° 

2 

3 

A 

9   551 
9-547 
9-540 

9  540 

The  mean  value  of  2e  is,  from  the  foregoing  table,  9.554- 

It  will  be  observed  that  while  the  principal  series  of  hydrogen 
enables  us  to  calculate  2e  with  the  same  degree  of  accuracy  as  the 
other  series,  it  converges  to  a  positive  charge  greater  than  e,  viz., 


Q  =  2e 


(i.5> 


=  6.366  •  10" 


Since  we  know  of  no  wav  of  increas- 


ing the  positive  charge  of  a  hydrogen  atom  except  by  abstracting  an 
electron,  it  would  seem  that  it  must  be  possible  to  have  a  hydrogen 
atom  with  a  nuclear  charge  of  2c.  Such  an  atom  should  give  off 
radiation  of  higher  frequency  than  one  with  a  charge  only  half  as 
great,  and  its  spectrum  should  be  looked  for  in  the  ultra-violet. 
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Ritz  concluded  from  other  considerations  that  there  should  be  a 
series  in  hydrogen  with  the  formula  i  X  =  .V(i— —  j  .  This  is  a 
much  simpler  formula  than  the  others,  and  it  transforms  into  the 


equation  (2  =  2e\/ 1——  . 

Three  of  the  lines  of  this  series  were  identified  by  Lyman,  and 

their  wave-lengths  and  the  corresponding  values  of  2c  are  given 

in  Table  V. 

TABLE  V 


ni 

A.  io« 

Q  .  10" 

26  •  10" 

2 

3 

4 

I2l6 

1026 

972 

8.258 
9.006 
9-237 

9.302 
9-552 
9-540 

Since  in  this  case  the  wave-lengths  cannot  be  known  with  as 
great  an  accuracy  as  in  the  case  of  longer  waves,  the  values  of  2e 
do  not  agree  as  well  as  in  the  other  series,  but  two  of  the  three  lines 
give  values  in  close  agreement  with  the  values  calculated  from 
other  series. 

In  this  connection  it  may  be  interesting  to  recall  that  the 
a-particle,  which  is  apparently  the  positive  nucleus  of  the  helium 
atom,  is  generally  supposed  to  carry  a  positive  charge  Q  =  2e. 
Accordingly,  this  series  might  belong  to  helium  as  well  as  to  hydro- 
gen, as  far  as  our  evidence  goes.  As  a  matter  of  fact,  L>Tnan  is 
unable  to  say  positively  to  which  element  it  does  belong,  since 
all  of  the  foregoing  lines  appeared  when  the  tube  contained  either 
gas.  Lyman  says.'  "In  connection  with  Bohr's  speculations  it  is 
important  to  observe  that  X  1216,  which  forms  the  first  member  of 
the  Ritz  series,  occupies  exactly  the  same  position  when  obtained 
from  helium  as  when  it  is  produced  in  hydrogen." 

The  convergence  wave-length  of  this  series  would  be  X  =  9i2. 
As  Lyman  found  no  lines  shorter  than  about  X  =  900  which  could 
be  attributed  to  hydrogen,  though  he  found  lines  as  short  as 
X  =  6oo,  it  seems  extremely  probable  that  there  are  no  lines  in  the 
hydrogen  spectrum  which  require  a  greater  nuclear  charge  than  2e. 

'  Astrophysical  Journal,  43,  100,  19 16. 
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The  fact  that  the  hydrogen  atom  may  apparently  exist  in  two 
electrical  conditions,  in  one  of  which  the  central  charge  is  e  and  in 
the  other  of  which  it  is  2C,  raises  the  question  as  to  which  corresponds 
to  the  normal  or  so-called  neutral  condition  of  the  atom.  If  the 
normal  charge  is  e,  the  charge  2e  must  be  caused  by  the  abstraction 
of  an  electron  from  the  normal  atom,  and  the  radiating  system 
which  gives  rise  to  the  principal  series  and  the  Ritz-Lyman  series 
must  be  electro-positive.  If,  on  the  other  hand,  the  normal  atom 
has  a  central  charge  of  le,  it  would  seem  that  the  Balmer  series 
and  the  Pickering  series  must  be  due  to  atoms  which  have  captured 
an  electron  and  have  thus  become  electro-negative. 

It  is  at  least  suggestive  in  this  connection  to  recall  that  in  his 
work  on  ''Duration  of  Luminosity  of  Electric  Discharge  in  Gases 
and  Vapours"'  Strutt  found  that  the  luminous  hydrogen  atoms 
which  gave  the  Balmer  series  were  universally  electro-negative,  and 
that  when  deflected  to  one  side  by  an  electric  field  they  showed  no 
traces  of  any  other  lines  than  those  of  the  Balmer  series. 

There  is  so  far  no  experimental  evidence  that  either  hydrogen 
or  helium  may  give  rise  to  X-rays.  The  ]\Ioseley  equation  for 
^-radiation  would  give  for  hydrogen  Q  =  2e{i—h)  and  for  helium 
Q=2e{2  —  h).  If  one  accepts  Moseley's  value  of  h=i  for  the 
^-radiation,  \k  for  helium  =  912,  and  the  Ritz-Lyman  series  in 
hydrogen  and  helium  starts  with  the  convergence  wave-length  of 
the  X-ray  spectrum  of  helium. 

Leland  Stanford  Junior  University 
May  20,  1918 

'  Proceedings  of  the  Royal  Society,  94,  88,  191 7. 


THE  VARIATION  WITH  TEMPERATURE  OF  THE  ELEC- 
TRIC FURNACE  SPECTRA  OF  CALCIUM,  STRON- 
TIUM, BARIUM,  AND  MAGNESIUM^ 

By  ARTHUR  S.  KING 
APPAR,\TUS   AXD   METHODS 

The  methods  used  in  this  investigation  for  observing  the  tem- 
peratures at  which  spectral  hnes  appear  and  the  rate  at  which  they 
increase  with  rising  temperature  have  been  the  same,  in  the  main, 
as  those  employed  for  the  examination  of  other  spectra.^  The 
electric  furnace  was  operated  in  vacuo,  except  for  occasional  tests 
under  other  conditions,  and  the  spectra  were  photographed  in  the 
first  and  second  orders  of  a  15-ft.  concave  grating  mounted  in  the 
vertical  spectrograph  in  the  Pasadena  laboratory.-^  Spectrograms 
made  with  a  i -meter  concave  grating  were  used  for  a  few  lines  in 
the  ultra-violet  and  extreme  red  to  supplement  those  of  higher 
dispersion. 

To  obtain  the  various  spectra  the  furnace  was  charged  with  cal- 
cium metal  in  small  pieces,  strontium  chloride  or  bromide,  barium 
chloride,  and  magnesium  metal,  both  as  powder  and  as  fragments 
cut  from  rods. 

A  temperature  of  1650°  C,  produced  by  a  potential  of  15  volts 
apphed  to  the  graphite  tubes  regularly  used,  yielded  a  considerable 
number  of  lines  for  each  element.  This  accordingly  was  taken  as 
the  low- temperature  stage.  As  intervals  of  350°  showed  distinctive 
changes  in  the  spectra,  temperatures  of  approximately  2000°  and 
2350°  were  chosen  as  the  medium  and  high  temperatures,  respec- 
tively. The  spectrum  of  each  of  the  substances  was  photographed 
at  still  higher  temperatures,  but  the  change  beyond  23 50""  consisted 
chiefly  in  a  broadening  of  lines  already  present,  with  more  frequent 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  150. 
^Mt.  Wilson  Contr.,  Xos.  66,  76,  94,  108;   Astrophysical  Journal,  37,  239,  1913; 
39,  139,  1914;   41,  86,  1915;   42,  344,  1915. 

3  Mt.  Wilson  Contr.,  No.  84;  Astrophysical  Journal,  40,  205,  1914. 
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reversals.  At  these  temperatures  calcium,  strontium,  and  barium 
gave  strong  continuous  spectra,  which  tended,  through  the  equaliza- 
tion of  emission  and  absorption,  to  conceal  most  of  the  sharp  lines, 
while  those  usually  showing  reversal  appeared  as  wide  absorption 
lines,  often  with  a  width  of  several  angstroms.  This  rendered 
impossible  any  comparison  with  the  relative  intensities  at  lower  tem- 
peratures, so  that  the  useful  plates  were  limited  to  a  temperature 
range  within  which  the  spectra  always  consisted  of  emission  lines. 

For  the  identification  of  the  lines  and  a  comparison  of  their 
intensities  with  those  of  the  vacuum  furnace,  the  arc  in  air  was 
used,  with  the  result  that  certain  lines,  especially  in  the  spectra  of 
calcium  and  barium,  showed  notable  differences  in  structure  in  the 
two  sources.  Lines  which  in  the  air-arc  are  extremely  diffuse,  often 
without  a  distinct  maximum  and  sometimes  showing  only  as  wide 
hazy  patches,  appear  in  the  vacuum  furnace  as  sharp  lines  which 
permit  of  close  measurement,  two  or  three  such  lines  sometimes 
taking  the  place  of  the  diffuse  arc  line.  The  reduced  pressure  in 
the  furnace  is  in  a  measure  responsible  for  this  condition,  but  other 
conditions  in  the  arc  discharge  contribute  to  the  effect.  A  some- 
what detailed  study  has  been  made  of  lines  of  this  type  in  the  spec- 
trum of  barium,  including  their  changes  under  various  conditions  of 
temperature  and  pressure  and  the  measurement  of  their  furnace 
wave-lengths.  This  has  yielded  a  considerable  addition  to  the 
list  of  barium  lines  in  the  ultra-violet.  Their  peculiarities  will  be 
discussed  later  in  the  paper. 

The  line-classification  adopted  in  previous  papers  has  been 
adhered  to  as  closely  as  possible,  but  in  the  extension  into  the  ultra- 
violet a  limit  is  reached  beyond  which  no  lines  are  emitted  by  the 
furnace  at  the  given  temperature,  even  with  prolonged  exposure. 
This  limit  proceeds  steadily  toward  shorter  wave-lengths  as  the 
temperature  rises  and  furnishes  the  chief  point  of  resemblance 
between  the  emission  of  furnaCe  lines  and  that  of  the  continuous 
spectrum  of  an  incandescent  solid.  The  effect  on  the  classification 
is  that  lines  beyond  the  point  where  the  lowest  temperature  gives 
a  spectrum  go  automatically  into  classes  not  lower  than  Class  III, 
while  lines  too  far  in  the  ultra-violet  to  be  given  by  the  medium 
temperature  chosen  must  be  placed  in  Class  IV  or  V.     It  may 
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happen  as  a  result  of  this  method  that  hnes  such  as  X  2852  of  mag- 
nesium or  X  3072  of  barium  are  placed  in  Class  III  because  they  are 
too  short  in  wave-length  to  be  produced  at  the  low  furnace  tem- 
perature, though  they  are  very  strong  when  the  temperature  is 
sufficient  to  show  a  spectrum  in  this  region.  In  the  visible  region 
lines  of  this  character  would  probably  go  into  Class  I.  Lines 
belonging  to  a  series  which  extends  into  the  ultra-violet  cannot  be 
expected  to  go  as  a  whole  into  the  same  temperature  class,  since 
the  ultra-violet  members  may  not  be  produced  by  a  temperature 
which,  for  members  of  the  same  series  in  the  visible  region,  results 
in  a  high  intensity.  While  this  condition  must  be  considered  as 
entering  into  the  method  of  classification,  the  character  of  a  line  is 
indicated  clearly  enough  for  most  purposes  by  noting  the  intensities 
for  those  temperatures  at  which  the  line  in  question  is  radiated. 

EXPLAXATIOX    OF    THE    TABLES 

The  first  column  of  each  table  contains  the  wave-lengths  of  lines 
as  measured  by  Exner  and  Haschek'  in  the  spectrum  of  the  arc  in 
air.  In  the  second  column  are  wave-lengths  on  the  international 
system.  For  calcium  the  measurements  of  Crew  and  ]\IcCauley^ 
with  the  vacuum  arc  are  used,  as  the  structure  of  lines  in  this  source 
is  similar  to  that  of  furnace  lines  and  their  list  is  more  complete  than 
that  of  Exner  and  Haschek,  frequently  giving  values  for  groups  of 
two  or  three  lines  which  blend  into  a  hazy  line  in  the  arc  in  air.  For 
strontium  the  measurements  of  Hampe^  on  the  international  system 
are  entered  in  the  second  column,  and  for  magnesium  those  of 
Xacken,-'  the  source  in  each  case  being  the  arc  in  air.  For  barium 
the  international  wave-lengths,  beginning  with  X  3640,  are  those  for 
the  arc  in  air  given  by  Schmitz;^  but  to  the  violet  of  this  point 
measures  of  the  barium  lines  in  the  vacuum  furnace  made  by  the 
writer,  with  the  assistance  of  Miss  Brayton  of  the  Computing 
Division,  have  been  used,  since  the  vacuum  furnace  lines  are  more 
numerous  and  include  components  whose  wave-lengths  differ  appre- 
ciably from  those  of  the  corresponding  diffuse  blends  of  the  arc  in  air. 

■  Spektren  der  Elemente  bei  >iorniaIem  Dnick,  Leipzig,  191 1. 
^  Astrophysical  Journal,  39,  29,  1914. 

^  Zcitschrift  fur  u-isscnschaftliche  Pholographie,  13,  348,  1914. 
*  Ibid.,  12,  54,  1913.  ^  Ibid.,  11,  209,  191 2. 
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The  sign  f  adjacent  to  a  wave-length  refers  to  a  remark  at  the 
end  of  the  table,  which  often  includes  important  data  regarding 
the  character  of  the  hne. 

Following  the  plan  of  previous  papers  the  remaining  columns 
in  the  tables  give  the  intensity  estimates  for  hnes  in  the  arc  and  for 
three  furnace  temperatures.  The  method  of  assigning  Hnes  to 
classes  is  also  the  same.  Nebulous  lines  are  indicated  by  "n"  after 
the  value  of  the  intensity,  ver}-  pronounced  haziness  being  denoted 
by  ''N."  The  letters  "r"  and  '"R*"  indicate  partial  and  complete 
self-reversal.  Lines  of  Class  I  and  Class  II  are  strong  at  low  tem- 
perature, those  of  Class  II  strengthening  more  rapidly  as  the  tube 
becomes  hotter,  while  Class  I  includes  the  hnes  for  which  the  low- 
temperature  furnace  is  especially  favorable.  Lines  of  Class  III  are 
absent  or  faint  at  low  temperature,  but  appear  at  medium  tempera- 
ture, and  are  usually  considerably  stronger  at  high  temperature. 
Class  IV  appears  at  the  highest  furnace  temperatures,  while  Class  V 
is  usually  absent  in  the  furnace  or,  if  present,  the  lines  are  faint  com- 
pared with  their  arc  intensities.  "A"  after  the  class  number  indi- 
cates that  the  line  in  question  is  relatively  weak  in  the  arc — usually 
not  more  than  half  as  strong  as  in  the  high- temperature  furnace. 

For  calcium  and  strontium  a  column  headed  "Series''  is  intro- 
duced, in  which  a  line  is  placed  in  a  proper  pair,  triplet,  or 
"  single- line  "  series  according  to  the  notation  of  Saunders.' 

CALCIUM 

Table  I  indicates  the  relative  condition  of  the  calcium  hnes  for 
various  furnace  temperatures  and  for  the  arc  in  air.  The  number 
of  lines  in  the  furnace  spectrum  is  practically  the  same  as  that 
observed  by  Crew  and  McCauley  in  the  vacuum  arc,  the  low  pres- 
sure bringing  out'  certain  lines  which  in  the  arc  in  air  are  either 
quenched  or  blended  with  neighboring  widened  hnes.  Many  cal- 
cium lines  retain  a  high  intensity  at  low  temperature.  In  the  red, 
certain  hnes  are  especially  strong  at  medium  temperature.  Lines  of 
Class  V  are  found  in  the  strong  arc  pairs  XX  3159,  3179  and  XX  3706, 
3737,  which  have  not  been  obtained  in  the  furnace.  The  flame 
Une  X  4227  dominates  the  furnace  spectrum  at  all  the  temperatures 

^  Astrophysical  Journal,  32,  153,  1910. 
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TABLE  I 
Temperature  Classification  of  Calcium  Lines 


exxer  an'd 
Haschek 


Crew  and 

McCauley 

(I.  A.) 


Arc 


Furnace 


High      I    Medium  Low 

Tempera-  !  Tempera-    Tempera- 
ture ture  ture 


Class 


Series 


I 


2995 

2997 

2999. 

3000 

3CX36 

3009 

06. 
41- 
74- 
96. 
97- 
30. 

3159 

01 

3179 

50 

3181 

43 

3215 

c 

3225 

6 

3269 

3274 
3286 

3344 
3350 

37 
95 
35 
52 
25 

3361 

95 

3468 
3475 
34B7 
3624 
3630 
3631 
3644 
3644 

70 
01 
82 
19 
87 
07 

53 
90 

•  •  •  1 

3706 
3737 

.18 
.06 

1 

2994 
2997 
2999 

3000 

3006 
3009 
3107 
3II7 
3136 
3140 
3I4I 
3150 

3158 
3164 
3169 

3179 
3180 
3181 
3209 
3215 
3215 
3225 
3226 
3269 
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Rem.\rks 
X 

3748-3753.  Appear  faintly  in  vacuum  arc. 

3872-3875.  In  band  at  X  38S3. 

3889.  Appears  in  vacuum  arc. 

3972.  Appears  in  vacuum  arc. 

4108.  Very  hazy  in  arc;  about  2  A  wide. 

5019.  Appears  in  vacuum  arc. 

used.  Being  very  sensitive  to  widening  influences,  its  intensity  at 
a  given  temperature  depends  largely  on  the  vapor  density,  as  was 
noted  in  a  previous  investigation.'  If  a  large  quantity  of  vapor  is 
present,  as  in  the  experiments  which  gave  the  intensities  noted  in 
Table  I.  the  hne  changes  from  a  narrowly  reversed  condition  at  low 
temperature  to  a  great  width  at  high  temperature.     A  width  of 

'  Mt.  Wilson  Contr.,  Xo.  32;  Astrophysical  Journal,  28,  389,  1908. 
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reversal  of  6.6  A  has  thus  been  obtained,  the  wings  of  the  line 
blending  with  the  continuous  spectrum.  Its  progressive  strength- 
ening with  temperature  increase  w'ould  place  it  in  Class  II;  but  it 
is  essentially  a  low-temperature  line  and  is  not  notably  strong  at 
high  temperature  unless  much  vapor  is  present.  It  may  properly 
be  classified,  therefore,  as  a  special  type  belonging  in  Class  I. 

The  H  and  K  lines,  X  3934  and  X  3969,  appear  at  temperatures 
as  low  as  1650°;  they  strengthen  rapidly  with  temperature  increase 
but  remain  narrow,  though  it  is  possible  to  obtain  reversals  at  high 
temperature.  Their  intensities  in  the  arc  are  enormously  greater 
than  in  the  furnace  and  offer  in  this  respect  a  strong  contrast  to 
X  4227. 

A  large  proportion  of  the  calcium  lines  having  been  placed  in 
series,  it  is  of  interest  to  note  their  behavior  at  different  tempera- 
tures. As  would  be  expected,  the  component  lines  of  a  series  pair 
or  triplet  are  aft"ected  alike;  but  lines  belonging  to  series  groups  in 
dift'erent  parts  of  the  spectrum  may  appear  in  different  classes  on 
account  of  the  rapid  falling  oft"  of  the  low-temperature  spectrum 
as  the  wave-length  decreases.  Thus  the  intensities  of  Ti  series  lines 
in  the  group  which  has  its  strongest  line  at  X  4455.00  are  nearly 
equal  at  the  three  temperatures  and  the  lines  are  assigned  to  Class  I 
(with  the  exception  of  the  component  X  4456.84).  while  the  ultra- 
violet members  of  the  same  series  fall  oft"  rapidly  with  decrease  of 
temperature  and  are  placed  in  Classes  III  and  IV.  To  determine 
whether  the  ultra-violet  members  of  a  series  w^eaken  more  rapidly 
w^hen  the  temperature  is  reduced  than  those  of  greater  wave-length 
requires  careful  attention  to  photographic  differences,  but  this  effect 
has  occasionally  appeared  when  furnace  spectra  at  different  tem- 
peratures were  recorded  on  the  same  plate.  Of  the-  three  groups 
with  strongest  lines  at  XX  4455  .00,  3644.53,  and  3361 .95  the  more 
rapid  falHng  off  of  the  violet  groups  at  reduced  temperature  was 
very  distinct.  This  corresponds  to  the  result  previously  observed 
for  the  principal  series  of  caesium.' 

The  alternating  single-line  series  SL,  and  SL3  show  a  varied 
behavior  but  must  be  regularly  classed  as  high-temperature  lines. 
In  the  blue  they  show^  a  decided  contrast  with  the  Ti  series  lines 

■  As'.rophysical  Journal,  21,  236,  1905. 
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and  with  the  group  of  six  near  X  4300.  The  several  h'nes  of  this 
latter  group,  like  those  of  the  similar  group  near  X  3000,  are  affected 
alike  at  different  temperatures. 

In  the  region  of  greater  wave-length  the  groups  X  5261-X  5270 
and  X  5582-X  5603  behave  in  each  case  as  a  unit  and  their  lines  go 
into  Class  III.  The  lines  farther  to  the  red  vary  greatly  in  charac- 
ter, a  notable  feature  being  the  high  relative  strength  at  the  medium 
temperature  in  the  case  of  several  lines.  X  6573,  whose  high  inten- 
sity in  sun-spot  spectra  has  been  taken  as  evidence  of  the  low  tem- 
perature of  these  regions,  is  unique  among  the  calcium  lines,  being 
faint  in  the  arc  and  much  weaker  at  high  temperature  than  at  the 
lowTr  temperatures.  Apparently  it  can  be  used  with  confidence  as 
a  low-temperature  indicator. 

STRONTIUM 

The  strontium  lines  are  widely  varied,  but  their  notable  features 
are  for  the  most  part  sufficiently  indicated  by  the  data  in  Table  II. 
The  behavior  of  the  strong  lines  XX  4078,  4216,  and  4607  in  furnace 
and  arc  is  very  similar  to  that  of  their  counterparts,  H.  K,  and 
X4227  of  the  calcium  spectrum.  In  the  ultra-violet  the  arc  gives 
a  number  of  hazy,  very  unsymmetrical  lines  which  reduce  to  sharp 
Hnes  in  the  vacuum  furnace,  but  without  the  complex  structure 
sometimes  observed  for  hnes  of  this  type  in  the  case  of  barium.  As 
in  the  case  of  calcium,  the  members  of  ''single  line''  series  are  nota- 
bly high-temperature  lines.  In  the  red  there  is  a  lack  of  the  lines 
of  Class  I  which  appear  in  this  region  for  both  calcium  and  barium; 
excepting  the  strong  hnes  X  6408  and  X  6504  of  Class  II  the  domi- 
nant low-temperature  Hnes  are  in  the  region  of  shorter  wave-length. 

Plate  I  shows  the  furnace  spectra  of  a  mixture  of  strontium  and 
barium  at  temperatures  of  about  2050°  and  1750°  C,  respectively, 
with  the  arc  spectra  of  these  substances  above  and  below.  The 
exposure  times  for  the  two  temperatures  were  in  the  ratio  of  1 1  to  i 
and  show  lines  of  Class  I,  such  as  X  4742  and  X  4812  of  nearly  the 
same  intensity,  while  the  larger  gradations  of  hnes  in  Classes  II 
and  III  for  these  two  temperatures  are  evident.  The  high  intensity 
of  X  4607  in  the  furnace  is  shown,  together  with  the  relative  faint- 
ness  of  X  4078  and  X  4215. 


22 


ARTHUR  S.  KING 


TABLE  II 
Temperature  Classification  of  Strontium  Lines 
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20 

12 

3 

III 

t 

4868 

92.  . 

.   4868 

739 

20 

20 

15 

3 

III 

t 

4869 

45-  • 

.   4869 

194 

4 

5 

2 

III 

t 

4872 

70.  . 

.   4872 

485 

40 

30 

25 

20 

I 

T, 

.   4876 

062 

15 

20 

15 

8 

II 

T. 

4876 

38^; 

•   4876 

3^2, 

20 

20 

20 

10 

II 

T 

4892 

20.  . 

•   4892 

009 

25 

25 

20 

6 

II 

t 

4892 

90.  . 

.   4892 

666 

5 

5 

3 

III 

t 

4962 

43-  • 

.   4962 

244 

40 

40 

30 

20 

I 

Tx 

4968 

03.  . 

■   4967 

928 

20 

20 

15 

6 

II 

T, 

4971 

79.  . 

•   4971 

649 

2 

5 

3 

2 

II  A 

Tx 

5156 

38.. 

•   5156 

068 

8 

8 

6 

I 

III 

SLj 

5213 

22t. 

•   5212 

968 

3 

3 

2? 

III 

5222 

50.  . 

•   5222 

200 

20 

10 

8 

3 

II 

5225 

35-  ■ 

■   5225 

no 

20 

10 

8 

3 

II 

5229 

51-  ■ 

•   5229 

266 

20 

10 

7 

3 

II 

5238 

82.  . 

•   5238 

548 

30 

15 

12 

6 

II 

5257 

10.  . 

•   5256 

897 

50 

20 

20 

10 

II 

5330 

II .  . 

■   5329 

816 

8 

8 

5 

I 

III 

su 

5451 

20.  . 

/5450 
\5450 

8i8T 
834/ 

15 

15 

10 

2 

III 

5481 

19.  . 

■   5480 

840 

40 

30 

20 

15 

II 

5486 

40.  . 

•   5486 

121 

15 

15 

10 

2 

III 

5504 

50  ■  ■ 

•   5504 

166 

30 

20 

15 

8 

II 

5522 

01 .  . 

•   5521 

752 

25 

20 

12 

5 

II 

5535 

10.  . 

5534 

796 

15 

15 

8 

2 

III 

5540 

29.  . 

5540 

033 

15 

20 

10 

2 

III 

5543 

44-  • 

5543 

327 

i5n 

12 

3 

III 

5970 

6.  .  . 

■ •   5970 

103 

i2n 

10 

3 

III 

6159 
6272 

I  C 

6i^8 

967 
052 

I 

I 

IV 

*  J  •  • 

32t. 

6272 

2 

3 

p 



IV? 
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ARTHUR  S.  KING 
TABLE  U— Continued 


Furnace 

A                 1                 \ 
EXNER  AND                    HaMPE 

Arc 

High 

Medium 

Low 

Class 

Series 

Haschek       I          (l.A.) 

Tempera- 
ture 

Tempera- 
ture 

Tempera- 
ture 

6346.051. 

.  1     6345 ■ 760 

10 

? 

■> 

? 

IV? 

6364 

23-  • 

.1     6363 

932 

8 

8 

5 

I 

Ill 

6370 

23-  ■ 

. '     6369 

959 

15 

12 

8 

2 

III 

6381 

00.  . 

.!     6380 

740 

30 

20 

15 

3 

III 

6^86 

84.. 

. :      6386 

507 

40 

20 

15 

4 

III 

P 

6388 

50  •  • 

:  6388 

245 

25 

15 

10 

3 

III 

6408 

76.. 

. !     6408 

465 

100 

60 

30 

20 

II 

6446 

89t. 

6446 

676 

12 

6 

? 

? 

III 

6466 

oit. 

.       6465 

788 

10 

4 

p 

5 

III? 

6504 

21 .  . 

.  i     6503 

990 

80 

50 

30 

20 

II 

6547 

oot . 

•  '■     6546 

785 

20 

15 

5 

:> 

III? 

6550 

5Qt. 

6550 

253 

60 

25 

8 

p 

III? 

P 

6617 

sot. 

.       6617 

268 

50 

20 

10 

p 

III? 

6643 

7ot.. 

•       6643 

545 

20 

15 

5 

p 

UK- 

3390-3400. 
3411. 

3499- 
3547- 
3577- 
4033. 
4071. 
4161. 
4701-4714. 

5213- 

6272. 

6346. 

6446-6466. 

6547-6643. 


Remarks 

\\'icle  and  hazy  in  arc.     X  from  Kayser  and  Runge. 

Wide  and  hazy  in  arc. 

Shaded  to  violet  in  arc. 

Shaded  to  violet  in  arc. 

Disturbed  by  band. 

Disturbed  by  band.     X  from  Kayser  and  Runge. 

Measured  by  writer. 

Very  faint  if  present  in  furnace. 

Disturbed  by  carbon  band. 

Disturbed  by  band. 

Disturbed  by  band. 

Concealed  by  band. 

Disturbed  by  band. 

Concealed  by  band  at  low  temperature. 


BARIUM 

Table  III  gives  the  characteristics  of  the  furnace  spectrum  of 
barium.  Since  the  grouping  of  Hnes  according  to  series  is  not  so 
marked  as  with  either  calcium  or  strontium,  the  chief  feature  to  be 
noted  in  this  respect  is  that  the  behavior  of  the  strong  lines 
X  4554  and  X  4934  is  similar  to  that  of  H  and  K  of  calcium  and 
X  4078  and  X4216  of  strontium,  while  the  low-temperature  line 
X  5536  corresponds  to  X  4227  of  calcium  and  X  4607  of  strontium. 
The  furnace  results  thus  bear  out  the  resemblance  observed  between 
these  lines  in  other  light-sources. 

The  differences  of  structure  shown  by  furnace  spectra  for  many 
lines  in  the  ultra-violet  as  compared  with  the  arc  in  air  warranted 
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ELECTRIC  FURNACE  SPECTRA 

TABLE  III 
Temperature  Classification'  of  Barium  Lines 


exner  and 
Haschek 


A 

King 

(I.A.) 


Furnace 


Arc 


High 
Temperature 


Medium 
Temperature 


Low- 
Temperature 


Class 


2596.87. 
2647.42. 
2702. 70. 
2739-38. 
2785.36. 
3071-72. 
3108.3    . 


3184- 


3204.5 


3223.0 
32532 


3263.0    . 
3270.30. 


3282.1    . 
3315-92. 


33233  ■ 
3357- 15- 
3377-33- 


3420. 


3464- 7  t- 
3501.31. • 


3071 
3108, 

3117 
3117 
3119 
3132 
3135 
3137 
3155 
3155 
3158 
3158 
3165. 
3173 
3183. 
3183 
3193 
3193 
3203. 
3221, 
3222, 
3222 

3253 

3261 

3262, 

3270 

3272, 

3281. 

3281 

3315 

3322. 

3323 

3356 

3376 

3377 

3413 

3420, 

3421 

3421 

3426, 

3427 

3463 

3501 


592 
21 

34 

638 

202 

602 

72 

700 

336 

673 

046 

54t 

598t 

69 

156 

96! 

9i2\  + 

967(^ 

7oot 

630I  t 

188  >t 

441  jt 

067 

96i\t 

336/t 

115 

405 

503I 

772/t 

753 

797\t 

058/ 1 

8o4t 

975I 

39x|t 

835 

3221 

008  i-t 

476jt 

453t 

85 

741 

"5 


8n 


looR 

ion 

* 

* 
3N 


?N 
* 

25X 

40N 

Sn 

80N 

411 
2n 

70N 

8n 

80N 

80X 

80N 

3n 

looN 

411 

3n 

?X 

200R 


5 
2 

3 
I 
8 
looR 
5 

3n 
3n 
2 
8 
811 

10 

10 

10 

12 

12X 


30 


30 
40 

8 

5 
5or 
60R 

4 

2 

4or 


5or 

10 

4or 

60R 

20 

3 
70R 

25 
3on 

3 

3 

40 

150R 


>oR 


5 
5n 

5 
5 
2 

4 
6 


/lO 

\  5 
15 
20 


^3 
2 
I 

20 
6 
5 

25 
4 

25 

35 

10 
I 

40 


75r 


IV 
IV 
IV 
IV 
IV 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

III 

m? 

Ill 

III 

II 


*  Not  visible  in  barium  arc  in  air,  probably  an  account  of  extreme  diffuseness. 
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ARTHUR  S.  KING 
TABLE  Ill—Continued 


A 

A 

Arc 

Furnace 

Class 

ExNER  AND 

Haschek 

SCHMITZ 

(I.A.) 

High 
Temperature 

Medium 
Temperature 

Low 
Temperature 

3525 
3529 
3531 

3545 
3547 
3562 
3566 
3576 
3577 
3579 
3586 
3588 
3590 
3593 
3599 
3611 
3630 
3637 

3ot-- 
64... 
8t... 
oof.  . 

99  ■•• 
19... 

83.  •■ 
24... 
81... 
9it.. 
69... 
32... 
15.  .  . 
SO... 
62,.. 
20.  .  . 
85  .. 

2  t-- 

56... 
71... 
82... 

45- ■• 
8  ... 
90... 
88... 
07t.. 
43- ■• 
90... 
90... 
56... 
15... 
03... 
38... 
91... 
03... 

3  t.. 

5  t.. 

6  .  .  . 
06... 
55- ■■ 
85... 
OS-  •  • 
55t.- 
I  ... 
0  .  .  , 
6  ... 
35- ■■ 
83... 
58... 

•  3524 

•  3529 

■  3531 

3544 

•  3547 

•  3561 
.   3566 

•  3576 

•  3577 
.   3579 
.   3586 

•  3588 
.   3589 

•  3593 
3599 
3610 

•  3630 
3636 

■  3639 

Schn 
3640 
3662 
3664 

•  3675 
.   368S 

■  3701 

•  3794 
.   3861 
.   3889 

•  3891 
.   3892 

3909 

■  3935 

■  3937 
3945 
3947 
3975 

•  3993 
3995 

4081 

■  4085 
4087 
4109 
4130 
4132 

975 
480 

345 
663 
696 
942 
660 
036 

615 
670 

505 
099 
950 
204 
396 
957 
641 
832 

715 
nitz 

391 
523 
598 
268 

473 
716 
771 
905 
314 
788 

653 

922 

715 
876 
60 

51 
362 

395 
663 

347 
322 

371 
884 
683 
444 

Son 

15 

30N 

Son 

2on 

10 

10 

10 

30 
Son 
10 
10 

3 

150 
15 
i5n 
40 
40N 

2 

10 
15 

3 

2 
20N 

3 

15 
15 
20 

50 
20 

2 

2 
40 

4 
50 
20 
loN 

5N 

4n 

2 
80 
30 

3 

2n 
-  6n 
30N 

Sn 

2 
80 
20 

5or 
10 
40 
60R 

15 
10 

8 
10 
10 
50R 
10 
10 

8 

15 
10 

15 

30 

4or 

2 

S 
8 

3 

I 

15 

3 
IS 

8? 
10 

25 

6 
20 
30 
10 

7 
6 
6 
8 

30 
6 

7 

4 

8 

8 
10 
20 
20 

I 

5 
6 
I 
I 
8 
2 
10 
8? 
8 

2 

!   HI 

1   III 

I 

3 

I 

III 
III 
III 
III 

III 

I 
I 

5 

I 
I 

III 
III 
III 
III 
III 
IIIA 

I 
I 

I 

3 
2 

III 
III 
III 
III 
III 
III 

3640 
3662 
3664 

3675 
3688 
3701 

3794 
3862 
3889 
3891 
3892 
3900 
3906 
3910 
3917 
3935 
3938 
3945 
3947 
3975 
3983 
3993 
3995 
3998 
4026 
40S1 
4085 
4087 
4110 
4130 
4132 

III 

III 

III 

III 

III 

III 

2 

III 
III 
II 
V 

10 

2 

2 
20 

4 
15 
10 

15 
8 

5 

I 

20 

15 
2 

I? 
8 

30 
20 

I 

7 
2 
2 

IS 
3 

10 
8 
7 
4 
2 
I 

12 

10 
2 

2 

III 
III 

III 

8 

II 
III 

6 

2 

II 
III 
III 

III 

III 

III 

6 
2 

II 
III 
III 

IV? 

4 

12 
8 
I 

Ill 

2 

III 

IIIA 

III 

V 

20 

20 

IS 

I 

ELECTRIC  FURNACE  SPECTRA 
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exner  axd 
Haschek 


A. 

SCHMITZ 

(I.A.) 


Arc 


Furnace 


High 
Temperature 


Medium 
Temperature 


Low 
Temperature 


Class 


4166 

4179 
4224 

4239 

4242 
4264 
4283 
4291 
4323 
4325 
4332 
4350 
4359 
4402 
4407 
4413 
4432- 
4467 


4493 
4506 

4523 
4525 
4554 
4574 
4579 
4589 
4591 
4599 
4605 
4620 
4628 
4636 
4642 
4652 
4663 

4673 
4691 

4700 

4724 
4726 
4732 
4739 
4807 

4877 
4900 

4903 
4934 
4947 
5055 


58 
20 

85 
80 

45 

31 

35 

05 

34 

97t 

60 

76 

80 

07 


30 
10 

79 
13 
48 

19 
21 
02 
82 
83 
92 
97 
10 

19 
45 
7  t 
5  t 
o  t 
o  t 
75- 
85. 

67. 
96 


i  • 
8  . 
S  . 
lit 
05- 
26. 

50- 
i4t 


4166 

4179 
4223 

4239 
4242 
4264 
4283 
4291 
4323 
4325 
4332 
4350 
4359 
4402 
4406 
4413 
4431 
4467 


4493 
4505 
4523 
4524 
4554 
4573 
4579 
4589 
4591 
4599 
4605 
4619 
4628 
4636 
4642 


4673 
4691 
4699 
4700 

4724 
4726 


4877 
4899 
4902 
4934 
4947 
5054 


017 

372 
957 
576 
619 
386 
III 

165 
004 

152 
919 

375 
554 
550 
846 
679 
914 
129 

973 
641 

936 
237 
946 
038 
881 
667 
762 
825 
751 
012 

978 
330 
33,2, 
038 


621 

630 

io8t 

446 

742 

455 


650 
971 
898 
099 
350 
975 


20 
8n 
12 
ion 
10 
i5n 
100 
12 
2on 
10 
ion 
80 

5 
60 

15 
8 
40 
12 
6on 
5on 
40 
6on 

35 
loooR 

40 
80 

8n 
ion 
30 

8n 
2on 
25n 
15N 

4N 

SN 
loN 
30 
35 
15X 
20 

3 
40 

5X 
2X 

30N 

35 

15 
700R 


20 
20 
15 
15 
30 
40 

15 

35 
15 
10  : 

35 

8 

30 

15 
10 

25 
15 
50 
40 

30 
40 


loor 

30 
40 

15 
15 
20 


25 
? 

? 

? 
? 

25 
30 
10 


4 
30 


3? 
15 
70R 
10 


40 
10 
20 
10 
10 
30 

5 
30 
12 

6 


35 
30 
2=; 


25 
30 


6 
10 

2 

25 

? 

I 
I 

12 


15 
I 


10 
60 

4 


50 
I 


V 
III  A 
III 
III 
III 
III  A 
II 
III 
III 
III 
III 
II 
III 
II 
III 
III 
II 
III 
III 
III 
II 
II 
\' 
II 
II 
II 
III  A 
III 
III 
III  A 
III 
III 
IV? 
IV? 
IV? 
IV? 
II 
II 
III 
III 
III 
II 

III? 
Ill 
III 
III 
IV? 
Ill 
II 
III 
IV? 
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ARTHUR  S.  KING 


TABLE  Ill—Continued 


exner  and 
Haschek 


A 
SCHMITZ 

(I.A.) 


Furnace 


Arc 


I         High  Medium 

j  Temperature   Temperature 


Low 
Temperature 


Class 


5160. lot 
5i75-72t 
5i77-52t 
5267.18! 
5277- 75t 
5303. oof 
5305 -921 
5309.10! 
5405 ■ 20 
5424  85 
5437  56 
5473  90 
5519-28 
5535  70 

5593-50 
5620. 2 
5620.6 

5680.45! 

5709.89 

5713-80 

5778.00 

5784.29 

5800 . 60 

5805.92! 

5819.19 

5826.56 

5853-91 

5907.81 

5962.7 

5965.00 

5972.00 

5978.69 

5997-39 
6019. 70 
6063.44 
6083.67 

6111 .10 
6129.50 
6141.95 

6235 -5  t 
6323  6  ! 

6341-93- 
6411.95 

6451 . 11 
6483.21 
6497-21 
6499 . 10 
6527.60 

6581 .00 


5159 
5175 
5177 
5267 
5277 
5302 

5305 
5308 
5404 
5424 
5437 
5473 
5519 
5535 
5593 


5680 

5709 
5713 
5777 
5784 
5800 
5805 
5818 
5826 
5853 
5907 
5962 

5964 
5971 
5978 
5997 
6019 
6063 
6083 
6110 
6129 
6141 


6341 

6450 
6482 
6496 
6498 
6527 
6564 
6580 


919 
619 
448 

033 
625 


546 
554 
695 
105 
299 
712 
906 
294 

699 
656 
445 
787 
715 
496 
102 

505 
149 
441 
808 

335 
760 


697 

842 
936 
902 
776 
324 

38  ! 
77  ! 


20 
3 


2n 

411 

40or 

4 

100 

20 

5 
150 
200 


100 

4 
100 
100 
200 

5 
30or 

3 

6oor 

3on 

3 
150 

4 
125 

2QO 

6oor 
30or 
250 

2 

6 


808 

6 

p 

758 

4 

? 

952 

4 

? 

920 

5n 

10 

616 

100 

looR 

393 

4 

10 

689 

3 

10 

115 

200 

150 

534 

loooR 

loooR 

297 

3 

5 

4n 

? 

2011 

? 

173 

/  2 
lio 

5 
20 

3 

6 
200R 

6 
80 
30 
20 
i25r 
40 
30 

7 

S 
80 
10 
80 
90 
1251 

15 
200R 

5 
50 
20 

5 
100 

20 
100 
125 

75 
3oor 

150 

5 

10 


4 

70 

500R 

3 


50 

40 

12 

60 

20 

20 

2 

2 

60 

6 

60 

60 

80 

5 

100 

2 

30 

6? 

100 

10 

100 

100 

75 
200 
150 


2G 
400 


3 
10 

I 

2 

70 
2 

20 

30 


50 


40 
40 
60 


80 


80 


80 
60 

8 

125 
100 


IV? 

IV? 

IV? 

IV? 

IV? 

IV? 

IV? 

IV? 
Ill  A 

II 
III  A 
III  A 

II 
I 

III 

IV? 

IV? 
Ill  A 
III  A 

III 

III 

II 

III 

III 

II 
III  A 

II 

III 

II  A 
III  A 

III 
II 

III  A 
II 
II 
II 

III  A 

II 

III 

III 

III 

III? 

I 

III  A 

I 

II 

III 

II 

I 

III  A 

III 


I 
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A                                    A 

Furnace 

EXNER  -AND                   SCHMITZ                          ArC 
H.^SCHEK                          (I.A.) 

High  ' 
Temperature 

1                       I     Class 
Medium      j         Low- 
Temperature  j  Temperature 

659565 6595.351                     200 

6642.40  t             in 

125 

3 

15 

70 

60 

IOC          1          80                  I 
?               . .          .               Ill  A 

6654.27 6654.120             10 

6675.50 6675.280             80 

6694.08 6693.875             70 

4             i        III 

80                      60                    I 

So         j         60                 I 

3158 
3165 
3184 
3193 
3204 
3221 
3222 
3222 
3261 

3262 

3281 

3323 
3357 
3377 
3421 
3421 
3426 
3464 
3525 
3531 
3545 
3862 

3945 
4026 

4332 


630. 

441 
961 

336 


797 
058 


391 
008 
476 


3579,  3637- 
3947- 


4636-4663. 
4699. 
4732- 
4900. 

5055-5309- 

5680. 

5805. 

6235-6323. 

6564-6580. 

6642. 


Remarks 

Ver\'  diffuse  at  high  temperature. 

Shaded  to  red  at  high  temperature. 

Appears  as  hazy  patch  in  arc.     Blend  V  in  furnace. 

Xot  resolved  at  high  temperature. 

\'er\-  hazy  in  arc. 

Reduced  in  atmospheric  furnace  to  one-third  strength  of  X3222. 188. 

Very  hazy  in  arc. 

Shows  in  atmospheric  furnace  as  shading  to  X  3222 .  188. 

Reduced    in    atmospheric    furnace    to    two-thirds    strength    of 

X 3262.336. 
Uns\Tnmetrically  reversed  at  high  temperature. 
Fades  to  trace  in  atmospheric  furnace. 
UnsjTnmetrically  reversed  at  high  temperature. 
Xot  visible  as  separate  Une  in  atmospheric  furnace. 
UnsNTnmetrical  to  red  at  high  temperature. 

Fades  to  one-tenth  strength  of  X  3376.975  in  atmospheric  furnace. 
Fades  to  one-tenth  strength  of  X  3420.322  in  atmospheric  furnace. 
\'er\-  faint  and  diffuse  in  atmospheric  furnace. 
Disturbed  by  band. 

Hazy  patch  in  arc.     Faint  and  diffuse  in  atmospheric  furnace. 
Uns\-mmetrically  reversed  at  high  temperature. 
Very  hazy  in  arc.     Resembles  X  3464. 
Uns>Tnmetricalh-  reversed  at  high  temperature. 
Disturbed  b\-  band. 

\'er\-  hazy  in  arc.     Pleasured  in  vacuum  furnace. 
Disturbed  by  band. 
Blend  with  \'  at  high  temperature.     Probable  intensity  of  \"  line 

subtracted. 
Disturbed  b\-  carbon. 
Pleasured  in  vacuum  furnace. 
Disturbed  by  carbon. 

High-temperature  line  may  belong  to  carbon. 
Disturbed  by  band.       Faint,  if  present  in  furnace. 
Double,  not  fully  resolved. 
\'er>-  strong  at  medium  temperature. 
Disturbed  by  band. 
Measured  in  vacuum  furnace. 
Shaded  to  red  in  arc.     Measured  in  vacuum  furnace. 


a  special  measurement  of  these  lines  as  produced  by  the  furnace. 
These  differences  consist  not  merely  in  a  sharpening  of  the  lines, 
but,  in  several  cases,  of  a  resolution  of  diffuse  arc  lines  into  two 
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or  three  components  in  the  furnace.  For  lines  remaining  single 
in  both  furnace  and  arc  the  dissymmetry  almost  disappears  in  the 
furnace  spectrum,  so  that  wave-lengths  very  nearly  free  from 
widening  influence  are  obtained. 

Photographs  for  the  measurement  of  furnace  lines  were  made 
in  the  second  order  of  the  15-ft.  concave  grating  spectrograph,  the 
dispersion  being  i  mm  =  i .  86  A.  The  furnace  was  operated  at 
about  2000°,  which  gave  very  sharp  lines,  without  the  reversals 
combined  with  incipient  dissymmetry  which  appeared  at  higher 
temperatures.  Standard  lines  were  obtained  by  mixing  a  small 
amount  of  iron  with  the  barium  in  charging  the  furnace.  As  far 
as  X  3640,  the  wave-lengths  on  the  international  system  in  the 
second  column  of  Table  III  were  deduced  from  measurements  of 
these  plates,  the  mean  of  three  complete  sets  being  taken.  For  the 
iron  lines  the  values  of  Burns^  were  used.  Since  the  data  on 
pressure-shift  are  scanty  for  this  region,  his  wave-lengths,  which  are 
for  the  iron  arc  at  atmospheric  pressure,  were  used  for  the  vacuum 
source  without  correction. 

The  different  appearance  of  the  furnace  lines  as  compared  with 
those  of  the  arc  in  air  is  shown  in  Plates  II  and  III.  The  arc 
spectra  above  and  below,  in  each  plate,  were  photographed  along- 
side the  furnace  spectra  at  2350°  and  2000°  respectively  (spectra  h 
and  c),  and  the  close  coincidence  of  s}Tnmetrically  reversed  lines 
such  as  X  3071  and  X  3501  in  arc  and  furnace  showed  a  freedom  from 
instrumental  displacement.  The  arc  lines  become  more  and  more 
diffuse  as  the  wave-length  decreases  until  the  lines  to  the  violet 
of  X  3204,  while  they  cannot  be  said  to  be  absent,  are  so  hazy  as  to 
be  indistinguishable  even  on  strong  photographs.  In  the  furnace 
they  are  well  defined  and  fairly  sharp  and  have  been  measured  on 
the  furnace  plates.  The  other  barium  lines  shown  are  so  wide 
and  unsymmetrical  in  the  arc  in  air  that  only  rough  measure- 
ments are  possible.  Measurements  of  the  furnace  lines  give  not 
only  a  close  value  for  the  position  of  the  unwidened  line,  but, 
in  some  cases,  the  wave-lengths  of  component  lines  whose  presence 
is  not  indicated  in  the  arc.  This  results  from  the  fact  that  lines  are 
frequently  resolved  into  components  which  in  the  arc  in  air  are 

^  Lick  Observatory  Bulletin,  8,  27,  1913. 
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merely  wide,  unsymmetrical  lines  with  no  indication  of  structure. 
These  components  sometimes  occur  in  pairs,  as  for  XX  3262.  3282, 
3377,  and  sometimes  with  a  third  component  as  in  the  case  of 
X3222  and  X  3420.  The  position  of  the  chief  component  is  at 
the  extreme  violet  edge  of  the  arc  hne;  this  is  also  the  case 
when  there  is  but  one  component,  as,  for  example,  with  X3357. 
The  extra  components,  when  they  occur  toward  the  red,  might  be 
considered  as  blending  into  a  shaded  line  in  the  arc,  but  both  X  3222 
and  X  3262  show  a  component  to  the  violet,  where  nothing  appears 
in  the  arc.  A  violet  component  of  X  3323  is  shown  in  Plate  IIIc, 
but  this  is  due  to  a  strontium  impurity. 

The  question  arises  as  to  whether  this  resolution  into  compo- 
nents is  due  solely  to  the  low  pressure  in  the  furnace  or  in  part  to  the 
absence  of  the  discharge  conditions  of  the  arc.  To  test  this,  photo- 
graphs were  made  at  approximately  the  same  temperature  (2300°) 
with  the  furnace  in  vacuum  and  at  atmospheric  pressure,  the  results 
being  compared  with  the  spectrum  of  the  arc  in  air.  The  results 
showed  that  the  furnace  at  atmospheric  pressure  gives  an  inter- 
mediate spectrum  to  the  extent  that  the  extra  lines  characteristic 
of  the  vacuum  furnace  are  weakened  and  an  unsymmetrical  widen- 
ing of  the  principal  components  has  commenced;  but  the  use  of 
atmospheric  pressure  has  by  no  means  changed  the  furnace  struc- 
ture into  that  of  the  arc.  The  distinctive  features  of  the  furnace 
lines,  such  as  the  violet  components  of  X  3222  and  X  3262,  are  still 
present. 

Another  method  of  making  the  furnace  lines  approach  the  struc- 
ture given  by  the  arc  is  to  increase  the  temperature  of  the  vacuum 
furnace  with  plenty  of  barium  present.  This,  as  may  be  seen  from 
Plate  111b,  leaves  the  relative  intensity  of  the  furnace  components 
almost  unchanged  from  the  condition  at  lower  temperature  (Plate 
IIIc),  but  produces  an  unsymmetrical  reversal  of  the  stronger 
lines.  This  dissymmetry  evidently  is  a  beginning  of  the  strong 
one-sidedness  shown  by  the  arc  lines. 

The  type  of  excitation  occurring  in  the  arc  is  thus  chiefly  re- 
sponsible for  the  fading  out  of  certain  components  and  the  strong 
dissymmetry  shown  by  the  arc  lines  in  this  region  of  the  barium 
spectrum.     Increase  of  pressure  reinforces  the  widening  action  but 
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is  only  slightly  effective  in  changing  the  intensity  of  the  compo- 
nents of  furnace  lines. 

Occurrence  of  barium  lines  in  the  solar  spectrum. — That  barium 
occurs  in  the  solar  atmosphere  is  rendered  fairly  certain  by  the 
strong  arc  pair  X  4554  and  X  4934,  which  correspond  in  each  case 
with  a  close  doublet  in  the  solar  spectrum.  X  5853 .  91  and  X  6141 .  95 
also  occur  as  strong  solar  lines.  All  of  these  lines  are  much  weaker 
in  the  furnace  than  in  the  arc.  Lines  strong  in  both  arc  and  furnace 
are  faint  in  the  sun,  and  often  unidentified  with  barium  by  Rowland. 
Thus  X  5535.70,  which  dominates  the  furnace  spectrum,  if  present 
in  the  sun,  has  an  intensity  of  only  o.  Other  strong  furnace  lines 
are  still  fainter  in  the  solar  spectrum,  the  tendency  being  toward  a 
weakening  of  those  lines  for  whose  appearance  the  furnace  is  espe- 
cially favorable.  Most  of  the  ultra-violet  lines  of  barium,  strongly 
widened  in  the  arc  and  reduced  to  sharp  lines  in  the  furnace,  are 
of  a  type  which  should  be  present  in  the  solar  spectrum,  though 
probably  faint.  It  is  of  interest  to  examine  some  of  the  cases  in 
which  a  wide  arc  line  is  replaced  by  two  or  three  narrow  lines  in  the 
furnace.  Seven  groups  were  taken,  from  X3183  to  X3421,  and 
their  wave-lengths  on  the  Rowland  system  were  deduced  from 
neighboring  iron  lines.  In  some  cases  the  position  of  the  barium 
line  coincides  with  that  of  a  stronger  line  of  another  substance,  but 
when  this  is  not  the  case  a  solar  line  of  intensity  from  00  to  0000 
invariably  appears  close  enough  to  the  position  of  the  furnace  line 
to  be  within  the  error  of  measurement.  There  is  thus  considerable 
probability  that  the  solar  conditions  are  such  as  to  produce  a  reso- 
lution of  these  lines  into  the  components  which  occur  in  furnace 
spectra.  Such  conditions,  according  to  present  evidence,  appear 
to  be  a  moderately  high  temperature  combined  with  low  pressure 
in  the  region  occupied  by  the  barium  vapor. 

MAGNESIUM 

The  magnesium  lines  listed  in  Table  IV  show  a  great  variety  of 
t^-pes.  The  low-temperature  spectrum  consists  of  the  triplet  near 
X  3830,  the  single  line  X  4571,  and  the  b  group  XX  5167-84.  X  2852, 
while  one  of  the  strongest  lines  observed  during  the  furnace  inves- 
tigations, is  beyond  the  ultra-violet  limit  reached  by  photographs 
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of  the  low-temperature  spectrum.     X  4571  is  a  low-temperature  line 
of  extreme  type,  in  that  it  is  decidedly  weakened  both  in  the  furnace 

TABLE  IV 
Temperature  Classification"  of  Magnesium  Lines 


Furnace 


EXXEE  AND 
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.Arc 


High         I      Medium 
Temperature   Temperature 
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Temperature 
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2736 
2776 
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2779 
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2795 
2802 
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3093 
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Reversals  up  to  30  A 
Apparently  not 


Remarks 
\ 

2852.  Line  may  attain  enormous  intensity  in  furnace 

wide  have  been  observed. 
3829-3S38.     Difficult  at  high  temperature  on  account  of  X  3883  band 

stronger  than  at  medium  temperature. 
4167.  Disturbed  by  band. 

4352.  Concealed  by  band  at  high  temperature. 

4571-  \'ery  faint,  if  present  at  high  temperature.     Weakens  as  emission  line; 

appears  at  2500°  as  narrow  absorption  line. 
4703.  Disturbed  by  band;    ver>-  faint  if  present. 

5172-5183'     Reversed  at  2500°. 
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at  high  temperature  and  in  the  arc.  It  has  not  been  possible  to 
obtain  this  Hne  strongly  widened,  as  the  conditions  which  give 
widening  diminish  its  strength.  At  high  temperature  it  is  likely 
to  appear  as  a  narrow  absorption  line  if  the  continuous  background 
is  strong  enough.  Its  characteristics  are  very  similar  to  those  of 
X  6573  of  calcium,  and,  like  that  line,  it  is  a  good  indicator  of  low 
temperature. 

The  furnace  shows  only  faintly  X  4352  and  X  4703,  both  of  which 
are  strong  in  the  arc  and  not  enhanced  in  the  spark.  The  enhanced 
line  X  4481  is  not  listed  in  Table  IV,  as  it  does  not  appear  in  the 
ordinary  carbon  arc  containing  magnesium.  As  would  be  expected, 
no  trace  of  it  is  found  in  the  furnace  spectrum. 

In  the  blue  and  green  a  series  of  spectrograms  made  in  a  previous 
investigation,'  when  hydrogen  at  pressure  up  to  20  cm  was  used  in 
the  furnace,  were  compared  with  spectra  given  by  the  vacuum  fur- 
nace, but  the  hydrogen  appeared  to  have  no  effect  on  the  line 
spectrum. 

SUMMARY 

The  foregoing  pages  summarize  an  investigation  of  the  furnace 
spectra  of  calcium,  strontium,  barium,  and  magnesium  from  the 
standpoint  of  the  lines  appearing  at  each  of  three  stages  of  tem- 
perature. The  lines  are  classified  according  to  the  temperature  at 
which  they  appear  and  their  rate  of  change  with  increase  of  tem- 
perature. Special  note  is  made  of  connection  with  series  relations, 
of  change  of  characteristic  features  of  the  furnace  spectrum  with 
the  wave-length,  and  of  dift'erences  of  structure  in  furnace  Hues  as 
compared  with  those  of  the  arc.  The  differences  of  structure,  in  the 
case  of  barium,  have  led  to  the  measurement  of  a  number  of  ultra- 
violet lines  not  given  in  tables  of  arc  wave-lengths. 

Mount  Wilson  Solar  Obser\atory 
Februarj'  1918 

'  .1//.  Wilson  Conlr.,  Xo.  114;   Astrophysical  Journal,  43,  341,  1916. 


ON  STELLAR  EVOLUTION 

Bv  WILLIA:M  DUNCAN  MacMILLAN 

There  are  two  questions  at  the  present  time  whicli  are  of 
fundamental  interest  to  astronomers  and  physicists.  The  first 
question  is.  What  becomes  of  the  enormous  flood  of  energy  which 
is  poured  forth  so  lavishly  by  the  sun  and  by  the  stars  ?  Does  it 
travel  unendingly  through  the  depths  of  space  until  it  strikes  some 
material  object,  or  does  it  not  '■^ 

The  second  question  is,  What  is  the  source  of  the  enormous 
subatomic  energies  which  have  been  revealed  in  recent  years  by  the 
radioactive  elements,  and  which  by  imiplication  exist  in  all  of  the 
other  elements  ? 

'In  the  first  question  we  ask,  What  becomes  of  this  energy? 
In  the  second,  Where  does  this  energy  come  from  ?  Surely  such  a 
situation  is  not  so  embarrassing  as  it  would  be  if  we  had  but  one  of 
these  questions,  for  an  infinite  source  or  an  infinite  sinkhole  of 
energy  is  scarcely  to  be  thought  of.  The  two  questions  seem 
mutually  to  answer  one  another,  and  it  seems  reasonable  to  con- 
jecture that  the  energy  which  disappears  from  the  sun  and  stars 
into  space  reappears  sooner  or  later  in  the  subatomic  energies  of 
the  atoms. 

One  may  suppose  that  the  physical  universe  is  finite  or  that  it  is 
infinite,  for  it  is  not  possible  to  verify  either  supposition.  The  idea 
that  the  physical  universe  is  finite  is  doubtless  repugnant  to  most 
minds  that  have  dwelt  upon  the  subject,  and  we  therefore  reject  this 
supposition.  The  distribution  of  matter  in  space  may  be  roughly 
uniform  or  it  may  be  distinctly  non-uniform.  Again  we  are  at 
liberty  to  make  either  supposition,  for  neither  can  be  verified. 
But  if  we  assume  the  universe  to  be  infinite,  then  unless  the  dis- 
tribution of  stars  is  non-uniform  of  a  special  type  the  entire  sky 
should  glow  with  a  brightness  equal  to  that  of  the  sun's  disk. 
Certainly  this  would  be  true  if  radiant  energy  is  not  extinguished 
in  its  course  through  space. 
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It  is  quite  possible  to  distribute  infinitely  many  stars  in  such  a 
manner  that  the  total  quantity  of  light  received  from  them  should 
be  anything  we  please.  For  example,  imagine  a  series  of  concentric 
spheres  of  radius  i,  2,  3,  ....  n,  ....  ;  and  on  the  surface  of 
each  sphere  is  placed  a  number  of  stars,  the  number  being  equal  to 
the  integral  part  of  the  square  root  of  the  radius  of  the  sphere.  If 
the  amount  of  light  received  from  the  star  on  the  first  sphere  be 
taken  as  unity,  then  the  entire  amount  of  light  received  from  all  of 

the  stars  would  be  less  than  I H — rH r-\ r-\ -+  ....  which 

23-2        ^32        432         -32 

is  finite,  but  the  number  of  stars  in  the  system  would  be  infinite. 
In  any  such  distribution,  however,  the  average  stellar  density  ap- 
proaches zero  as  the  distance  becomes  sufficiently  great.  While 
such  distributions  of  stars  are  possible,  they  seem  so  highly  im- 
probable that  we  reject  them  and  seek  some  other  explanation  of 
the  blackness  of  the  night  sky. 

There  is  no  recourse  save  in  the  hypothesis  that  radiant  energy 
is  extinguished  in  its  course  through  space.  If  we  assume  that 
there  is  a  uniform  distribution  of  stars  and  that  the  stars  are  all 
alike,  there  should  be  four  times  as  many  stars  in  any  given  magni- 
tude as  in  the  magnitude  next  brighter.  The  actual  star-counts, 
however,  show  that  while  this  ratio  is  maintained  between  stars  of 
magnitude  one  and  magnitude  two  it  falls  off  steadily  until  between 
magnitudes  sixteen  and  seventeen  the  ratio  is  only  i  .8  instead  of  4. 
Is  the  decline  in  the  number  of  stars  due  to  the  extinction  of  light 
in  traversing  these  enormous  distances  ?  It  is  a  simple  matter  to 
assume  that  a  certain  percentage  of  radiant  energy  is  lost  in  travel- 
ing through  space  and  to  test  the  hypothesis  by  an  appeal  to  the 
star  counts.  Obviously  the  stars  do  not  all  emit  the  same  amount 
of  light;  that  is,  they  are  not  all  of  the  same  absolute  brightness. 
Thus  the  star  AOe(N)  17,415  is  only  0.004  times  as  bright  as  the 
sun,  while  Canopus  cannot  be  less  than  10,000  times  as  bright  as 
the  sun  (absolute  magnitudes,  of  course,  being  understood).  Thus 
between  the  faintest  known  star  and  the  brightest  known  star  there 
is  a  ratio  of  2,500,000  or  sixteen  magnitudes  (absoluteV  Assuming 
that  the  stars  are  distributed  over  fourteen  magnitudes  (absolute) 
in  accordance  with  the  law  of  probability,  and  that  i  per  cent  of  light 
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is  extinguished  in  traveling  4.11  parsecs  (13.6  light-years),  the 
following  table  has  been  computed  showing  the  number  of  stars  of 
the  various  relative  magnitudes  on  the  hypothesis  of  uniform  dis- 
tribution of  the  stars  in  space.  The  actual  star-counts  of  Chap- 
man and  Melotte  of  the  Royal  Observatory  at  Greenwich  are 
given  for  comparison. 


Mag. 

Star-Counts 

Computed 

Mag. 

Star-Counts 

Computed 

6 

2,026 

7,095 

■i         22,550 

.  1         65,040 

.  ,       172,400 

426,200 

2,201 

7,135 

21,770 

62,230 

166,200 

413,400 

12 

961,000 

2,023,000 

3,964,000 

7,824,000 

14,040,000 

25,390,000 

960,200 

2,080,000 

4,219,000 

8,034,000 

14,420,000 

24,510,000 

7 

8 

9 

10 

II 

13 

14 

I :; 

16 

17 

Certainly  there  is  nothing  in  these  figures  to  forbid  us  from  sup- 
posing that  the  blackness  of  the  sky  is  due  to  the  extinction  of 
light  in  its  journey  through  space;  and  the  amount  of  the  loss 
(i  per  cent  in  13  .6  years)  does  not  seem  excessive. 

But  what  becomes  of  the  energy  which  is  lost  ?  Is  it  permissible 
to  suppose  that  the  light  is  intercepted  by  dark  material  scattered 
through  space  ?  It  is  clear  that  the  effectiveness  of  dark  material 
in  cutting  off  light  is  increased  by  supposing  it  in  a  finely  divided 
state.  If  it  is  supposed  that  the  dust  of  space  consists  of  particles 
one  one-hundredth  of  an  inch  in  diameter  it  is  found  that  one  such 
particle  to  every  560  cubic  miles  of  space  would  be  sufficient  to 
account  for  the  i  per  cent  of  loss  mentioned  above.  This  does  not 
seem  to  be  an  excessive  amount  of  dust  particles,  and  yet  a  con- 
tinuation of  the  computation  shows  that  in  the  40  cubic  parsecs 
which,  according  to  the  foregoing  figures,  is  the  sun's  share  of  space, 
there  is  6f  times  as  much  material  as  there  is  in  the  sun  itself,  and 
if  the  particles  average  one-tenth  of  an  inch  in  diameter  there  is 
67  .5  times  as  much  material  as  in  the  sun. 

It  may  indeed  be  true  that  such  dark  material  exists  in  space, 
but  nevertheless  it  cannot  account  for  the  blackness  of  the  sky, 
because  the  energy  which  it  intercepts  is  either  retained  or  radiated. 
If  it  is  radiated,  then  there  is  no  change  in  the  total  amount  of 
radiation;   at  most   merely   a   change   of  wave-length,   since  the 
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amount  radiated  is  the  same  as  the  amount  intercepted.  So  far  as 
the  total  quantity  of  energy  is  concerned  the  result  is  the  same  as 
though  the  dark  material  were  transparent.  If  the  energy  is 
retained,  then  the  dark  material  would  eventually  become  hot  and 
would  itself  be  bright.  One  concludes,  therefore,  that  dark 
material  in  space  cannot  account  for  the  blackness  of  the  sky. 

The  accepted  notion  that  radiant  energy  suffers  no  loss  in  trans- 
mission through  a  dust-free  ether  is  not  analogous  to  other  physical 
processes,  for  in  the  physical  world  "perfection"  does  not  seem  to 
be  attained.  Perfection  is  an  intellectual  ideal,  comfortable  only 
so  long  as  it  represents  the  known  facts  with  an  approximation 
sufficient  for  our  purposes.  If  we  confine  ourselves  to  a  sufficiently 
small  portion  of  the  earth's  surface  we  may  be  well  satisfied  with 
the  hypothesis  that  the  earth's  surface  is  a  plane,  for  the  facts  en- 
countered are  in  close  agreement  with  our  hypothesis;  but  in  a 
larger  field  of  operations  the  curvature  of  the  earth's  surface  is 
thrust  upon  us  and  cannot  be  ignored.  So  with  the  transmission 
of  radiant  energy  it  may  be  quite  accurate  enough  to  assume  that 
there  is  no  loss  in  such  distances  as  are  encountered  in  the  solar 
system,  but  appreciably  wrong  when  the  distances  encountered 
are  of  interstellar  dimensions.  According  to  Kapteyn  the  average 
distance  of  the  first  magnitude  stars  is  75  light-years.  We  have  a 
right  to  be  cautious  in  extending  our  hypothesis  of  ''perfection" 
in  the  transmission  of  radiant  energy  into  regions  in  which  75  light- 
years  is  the  unit  of  distance. 

If  dark  material  seems  inadequate  to  diminish  the  total  amount 
of  radiation,  we  may  have  recourse  to  the  absorption  of  energy 
in  the  ether.  But  the  energy  cannot  be  absorbed  without  doing 
work,  and  in  casting  about  for  some  sort  of  work  which  this  lost 
energy  might  do  there  occurs  the  possibilit\-  that  it  is  here  that  the 
foundations  of  the  atoms  are  laid,  and  perhaps  also  the  completed 
structure. 

Let  us  assume  that  absorption  does  occur  and  attempt  to  con- 
struct a  model  to  illustrate  how  the  kinetic  energy  of  the  ether-waves 
might  be  converted  into  the  potential  energy  of  an  organized  system.' 

■  It  is  not  essential,  perhaps,  to  suppose  that  there  is  an  ether.  Some  other 
process  would  answer  our  purpose;  but  it  seems  preferable  to  use  the  current  con- 
cepts of  physics. 
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Imagine  a  number  of  spheres  floating  on  the  surface  of  the 
ocean.  Imagine  further  that  on  these  spheres  there  are  springs, 
and  that  at  the  bottom  of  each  spring  there  is  a  hook.  As  these 
spheres  are  tossed  about  by  the  waves  there  will  be  frequent 
collisions,  followed  in  general  by  an  immediate  separation.  Occa- 
sionally, however,  two  spheres  will  collide  in  such  a  way  that  when 
the  springs  are  compressed  the  hooks  are  engaged,  and  separation 
does  not  follow.  The  two  spheres  are  locked  in  tight  embrace,  and 
v/e  have  the  beginning  of  an  organized  system.  The  energy  of 
the  compressed  springs  was  absorbed  from  the  energy  of  the  ocean 
waves,  though  the  amount  of  energy  absorbed  was  perhaps  relatively 
small.  The  tw^o  spheres  thus  joined  would,  in  the  course  of  time, 
unite  with  other  spheres,  and  thus  an  organized  system  would  be 
built  up  and  the  internal  energy  of  the  system  would  have  been  de- 
rived from  the  ocean  waves.  It  is  not  necessary,  indeed,  to  dwell 
upon  the  details  of  such  a  process.  Through  the  agency  of  chloro- 
phyll it  is  known  that  the  radiant  energy  of  the  sun  is  absorbed  and 
locked  up  in  the  organized  systems  of  the  vegetable  world,  though 
the  mechanical  details  of  the  process  are  quite  unknown.  In  a 
manner  analogous  to  the  organic  molecule,  and  by  a  process  the 
details  of  which  are  quite  unknown,  we  may  suppose  that  the 
ordinary  atom  comes  into  being  and  that  the  familiar  properties  of 
inertia  and  gravitation  are  due  to  the  energies  locked  up  within. 
Disrupt  the  atom  and  set  its  energies  completely  free  and  the  prop- 
erties of  mass  and  gravitation  at  once  disappear. 

Important  consequences  follow  the  admission  that  atoms  are 
built  up  in  this  manner.  It  would  follow  that  space  contains  much 
material  of  atomic  or  even  molecular  dimensions,  and  that  regions 
long  undisturbed  by  stellar  objects  would  tend  to  become  more  or 
less  crowded  with  atoms  and  molecules  on  account  of  the  ceaseless 
passage  of  radiant  energy  through  it.  In  this  manner  we  see 
the  genesis  of  a  nebula  with  its  enormous  gravitational  and  sub- 
atomic energies.  A  sufficiently  large  mass  in  its  journey  through 
space  would  gather  in  this  atomic  and  molecular  material  and  feed 
upon  its  substance  and  energies.  It  would  be  a  nucleus  around 
which  material  would  gather.  If  this  nucleus  were  relatively 
small  and  dark,  such  as  the  earth,  its  growth  would  be  slow;   the 
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subatomic  energies  would  persist  as  subatomic  energies,  and  the 
mass  would  increase.  In  the  course  of  time  the  internal  pressure, 
density,  and  temperature  would  increase,  and  one  can  imagine  that 
a  critical  situation  would  eventually  be  reached  in  which  the  sub- 
atomic energies  can  no  longer  wholly  persist  as  subatomic.  The 
atoms  begin  to  break  down  and  give  up  their  stores  of  energy. 
In  the  event  of  a  complete  dissolution  of  the  atom  we  would  expect 
the  complete  disappearance  of  its  mass  and  a  complete  restitution 
of  the  energy  by  which  it  was  organized.  If  the  dissolution  were 
but  partial  we  would  have  the  familiar  radioactive  phenomena  and 
a  partial  restitution  of  the  subatomic  energies.  The  energies 
thus  released  would  raise  the  temperature  of  the  nucleus  and  pre- 
sumably hasten  the  process  of  disintegration.  The  density  would 
decrease  until,  if  the  mass  were  large  enough,  the  increased  molecu- 
lar energies  would  convert  the  once  solid  nucleus  into  a  gaseous 
sphere.  If  the  mass  continued  to  grow  after  a  completely  gaseous 
state  had  been  reached,  the  increased  gravitational  pressure  would 
cause  the  density  again  to  increase,  and  this  increase  with  a  growing 
mass  would  continue  until  eventually  again  a  critical  state  would 
be  reached  of  heat  and  pressure,  and  the  release  of  subatomic 
energies  would  be  so  great  that  the  gaseous  mass  would  begin  to 
glow.  A  further  increase  of  mass  would  again  hasten  the  process 
of  dissolution  accompanied  by  a  rise  in  temperature  and  a  second 
decrease  in  density,  and  the  process  could  continue,  as  far  as  we 
can  see,  until  the  tenuity  of  a  nebula  was  attained.  If  the  various 
bodies  in  our  own  solar  system,  with  whose  masses  and  densities  we 
are  familiar,  be  arranged  according  to  their  masses,  it  is  found  that 
they  do  conform  to  these  ideas,  as  is  shown  in  the  diagram  (Fig.  i). 
Thus  all  of  the  planets  and  satellites  which  are  smaller  than  the 
earth  are  in  a  solid  state  and  their  densities  increase  with  an  increase 
of  mass.  Somewhere  between  the  mass  of  the  earth  and  the  mass 
of  Uranus,  which  is  fourteen  times  the  mass  of  the  earth,  there 
would  exist  a  mass  of  maximum  density  beyond  which  a  solid 
mass  cannot  persist  as  wholly  solid,  and  there  begins  a  transitional 
state  between  the  solid  and  the  wholly  gaseous  condition,  and  in 
this  transitional  state  we-  find  the  planets  Uranus  and  Neptune. 
Saturn,  with  a  mass  equal  to  94  times  the  mass  of  the  earth,  seems  to 
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have  attained  a  wholly  gaseous  condition  and  has  the  smallest 
density  of  any  object  in  the  solar  system.  The  mass  of  Jupiter 
is  3 . 3  times  the  mass  of  Saturn  and  its  density  is  about  twice  that 
of  Saturn.  There  are  no  bodies  in  our  solar  system  intermediate 
between  Jupiter  and  the  sun,  but  it  is  not  difhcult  to  imagine  that 
somewhere  in  between  the  increased  mass  and  increased  density 
would  again  produce  an  internal  condition  in  which  the  pro- 
duction of  heat  would  be  so  great  that  the  mass  would  begin  to 
glow  and  that  relief  from  this  state  of  excessive  energy  would  be 
found  in  a  decreased  density.  Thus  the  sun.  which  is  in  the  very 
midst  of  stellar  conditions,  has  a  density  but  little  in  excess  of  that  of 
Jupiter  notwithstanding  its  enormous  mass. 
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Fig.  I. — Density  as  a  function  of  mass 


When  the  stellar  condition  had  been  reached  by  a  growing 
gaseous  mass,  the  radiation  of  its  energies  into  space  would  afford 
relief  to  the  imprisoned  atoms,  tending  to  check  the  disintegrating 
process.  Eventually  there  would  be  an  equilibrium  between  the 
energies  furnished  by  the  process  of  dissolution  and  the  energies 
expended  in  radiation  and  gaseous  expansion  against  gravitation. 
If  the  process  of  gathering  up  atomic  and  other  material  from  space 
were  discontinued,  the  mass  of  the  star  would  diminish,  its  volume 
would  shrink,  and  its  density  would  increase.  The  temperature 
eventually  would  fall  and  the  critical  state  would  be  passed  again, 
but  this  time  in  the  direction  of  a  return  to  the  pre-star  state. 
There  would  be  relief  from  the  excessive  pressure  and  temperature 
which  had  brought  about  the  release  of  subatomic  energies,  and  a 
return  to  the  dark  state  would  be  possible. 
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It  is  not  necessary,  however,  to  suppose  that  the  ingathering 
process  is  stopped.  If  it  continued  at  a  suitable  constant  rate 
an  equilibrium  would  be  attained  between  the  income  and  outgo  of 
energy,  the  energies  of  radiation  would  be  continued,  the  mass  would 
remain  constant,  and  it  would  endure  as  a  star  forever.  If  in  its 
wanderings  the  star  passed  through  a  region  unusually  rich  in 
material,  its  mass  again  would  grow  and  its  temperature  would 
rise  until  it  attained  the  white  brilliancy  of  star  of  spectral  type 
A  or  B  or  in  the  extreme  case  pass  into  the  nebular  state,  in 
which  the  internal  energies  are  gravitational-potential  rather 
than  the  kinetic  energies  of  heat.  If  it  is  assumed,  as  is  natural, 
that  in  such  a  vigorous  process  of  dissolution  there  would  be  a 
large  residue  of  hydrogen  and  helium,  we  can  account  for  the 
peculiar  character  of  the  spectra  of  stars  of  these  types,  for,  owing 
to  the  lightness  of  these  gases,  they  would  rise  to  the  surface  and 
form  an  extensive  envelope  surrounding  the  brilliant  star  itself. 

In  this  connection  W.  W.  Campbell  has  made  the  following 

observations  :^ 

The  class  B  stars  and  the  stars  containing  bright  Hnes  are  where  the  plan- 
etary and  irregular  nebulae  exist.  Going  further  into  detail:  wherever  there 
is  a  great  nebulous  region  either  in  or  near,  or  outside  of  the  Milky  Way  you 
will  find  the  class  B  and  earlier  types  of  stars  abnormally  plentiful;  and  the 
chances  are  fairly  strong  that  some  of  the  stellar  spectra  will  contain  bright 
lines.  This  is  true  of  great  regions  in  the  Milky  Way;  it  is  true  of  the  Orion  and 
Pleiades  regions,  which  we  see  at  some  distance  outside  of  the  Milky  Way 
structure,  though  they  are  doubtless  within  our  system.  If  you  see  a  wisp  of 
nebulosity  near  a  bright  star,  look  up  the  star's  spectrum  and  you  will  prob- 
ably find  it  an  early  class  B,  as  in  the  case  of  Gamma  Cassiopeiae,  a  second- 
magnitude  star,  with  nebulous  structure  near  it  whose  spectrum  contains  both 
dark  and  bright  lines  of  hydrogen  and  helium.  If  you  see  an  isolated  bright 
star  enmeshed  in  an  isolated  patch  of  nebulosity,  such  as  the  one  shown  in 
Fig.  37,  and  the  books  say  the  star  (BD-io°47i3)  is  yellow,  or  of  class  G, 
communicate  your  suspicions  that  the  books  are  mistaken  about  the  star's 
spectrum  to  Professor  Pickering,  and  he  will  probably  reply  that  the  star  is  in 
reality  a  very  blue  one  of  early  class  B.  That  is  what  happened  a  fortnight 
ago  about  this  particular  nebula  and  the  star  near  its  apparent  center.  If  you 
find  a  red  or  yellow  star  of  normal  type  do  not  look  for  a  nebula  in  apparent 
contact  w^ith  it.     Nebulae  and  red  stars  do  not  coexist.     You  will  find  about 

•  ".\ddress  of  the  Retiring  President  of  the  .\merican  Association  for  the  .\dvance- 
ment  of  Science,"  Science,  45.  S45>  iQi?- 
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the  same  number  of  red  stars  in  the  Milky  Way  that  are  visible  in  similar  areas 
far  from  the  Milky  Way.  You  will  find  an  occasional  red  star  in  the  region  of 
the  Orion  nebula  and  of  other  large  nebulae,  but  the  red  stars  will  not  appear 
there  in  greater  numbers  than  their  approximately  uniform  distribution  over 
the  sky  requires. 

The  connection  between  the  nebulae  and  the  bright  line  stars  and  between 
nebulae  and  the  early  class  B  stars  is  close,  both  as  to  their  t^'pes  of  spectra 
and  as  to  their  geometric  distribution. 

Just  as  the  kinetic  theory  of  gases  shows  that  there  is  a  lower 
limit  to  the  mass  of  a  planet  which  can  retain  an  atmosphere,  so  the 
present  considerations  suggest  a  lower  Hmit  of  mass  to  a  star  which 
can  emit  Hght,  and  possibly  also  an  upper  limit  to  the  mass  of  a 
star  beyond  which  the  star  passes  into  a  nebula.  An  exact  corre- 
lation between  the  mass  of  a  star  and  the  intensity  of  its  radiation 
would  be  expected  only  for  those  stars  in  which  there  was  equilib- 
rium between  the  energies  released  and  the  energies  radiated.  A 
star  growing  in  mass  with  relative  rapidity  might  lag  in  tempera- 
ture, owing  to  a  possible  time  element  in  the  release  of  subatomic 
energies;  and  likewise  a  star  decreasing  in  mass  might  remain  for  a 
long  period  relatively  too  hot.  But  on  the  whole  one  would  expect 
an  increase  in  temperature  with  an  increase  of  mass  until  the 
kinetic  energy  of  the  molecules  became  so  great  that  the  star 
tended  to  pass  from  the  gaseous  to  the  nebulous  stage.  This  would 
mean  a  decline  in  internal  pressure  and  in  radiation,  although  the 
internal  energies,  increasingly  of  the  potential  form,  were  exceedingly 
great.  The  increase  in  the  mean  free  path  of  the  molecules  and 
the  decline  in  internal  pressure  would  tend  to  check  the  release  of 
subatomic  energy,  and  in  the  extreme  nebular  state  this  release  may 
virtually  cease.  In  this  manner  one  is  led  to  imagine  a  maximum 
mass  beyond  which  a  star,  as  such,  cannot  exist.  If  nebular 
radiation  be  left  out  of  consideration,  a  maximum  of  stellar  mass 
would  imply  that  there  exists  a  maximum  of  stellar  radiation. 
Although  different  stars  vary  enormously  in  the  amount  of  their 
radiations  their  variations  in  mass  are  not  excessive,  at  least  if  we 
may  judge  from  the  few  masses  which  are  definitely  known. 

If  in  its  early  stellar  stage  a  star  is  of  red  color,  one  would  expect 
to  find  a  class  of  red  stars  of  relatively  small  mass,  viz.,  those  masses 
which  have  been  slowlv  growing  toward  starhood.     On  the  other 
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hand,  stars  which  are  condensing  from  a  nebula  of  large  mass 
would  present  a  class  of  red  stars  of  large  mass.  The  kinetic 
theory  of  gases  would  lead  us  to  doubt  the  possibility  of  a  nebula 
of  small  mass,  or  a  nebula  of  very  low  density,  even  though  the 
mass  be  large,  ever  condensing  into  a  star  through  its  own  gravita- 
tional attraction.  Thus,  if  all  the  mass  in  the  solar  system  were  a 
spherical  nebula  lo  times  as  large  as  the  orbit  of  Neptune,  its 
velocity  of  escape  would  be  less  than  the  velocity  of  escape  on  the 
moon,  and  it  is  well  known  that  the  moon  cannot  retain  an  atmos- 
phere. It  would  seem  that  such  a  nebula  would  dissipate  rather 
than  concentrate.  A  third  class  of  red  stars  would  be  those  which 
were  approaching  extinction  or  passing  into  the  dark  gaseous 
state.  If  the  main  source  of  stellar  radiation  is  the  subatomic 
energy,'  and  if  these  energies  are  completely  given  up  so  that  the 
atomic  mass  disappears,  then  one  would  expect  those  stars  which 
are  approaching  extinction  to  be  of  small  mass.  If  the  various 
chemical  elements  have  different  critical  conditions  of  temperature 
and  pressure  for  the  release  of  their  subatomic  energies,  the  mass  of 
a  fading  star  would  depend  upon  its  chemical  constitution,  and  so 
also  would  the  mass  of  a  young  star.  While  this  variation  of 
composition  would  permit  a  variation  in  the  mass  of  such  stars, ' 
on  the  whole  one  would  expect  them  to  be  small  and  of  high  density. 
One  would  expect,  further,  red  stars  of  small  mass  to  show  consider- 
able variability  in  their  luminosity,  owing  to  the  cataclysmic  nature 
of  the  process  of  changing  from  one  physical  state  to  another. 
These  anticipations  with  respect  to  the  red  stars  are  quite  in 
harmony  with  our  present  knowledge  of  this  class  of  stars. 

It  is  natural  to  suppose  that  atoms  which  are  formed  by  the 
flow  of  energy  through  space  would  have  little  or  no  velocity  at  the 
time  of  their  formation,  and  that  the  recently  formed,  irregular 
nebulae  would  have  low  velocities.  On  the  other  hand,  nuclei  of 
stellar  types  which  have  long  been  of  stationary  or  of  decreasing 
mass  would  have  relatively,  high  velocities,  owing  to  the  differential 

'  According  to  the  hx'pothesis  of  the  present  paper  the  energy,  or  heat,  obtained 
from  gravitational  contraction  is  merely  energy  which  has  been  absorbed  from  the 
star  itself  on  some  pre\4ous  occasion  during  a  process  of  expansion  against  gravitation. 
In  the  long  run  no-  energy  is  obtained  from  this  source,  though  it  serves  admirably 
as  a  reservoir  of  energy  which  can  be  drawn  upon  during  times  of  famine. 
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gravitation  of  all  the  stars  exerted  over  enormous  periods  of  time. 
During  the  process  of  its  growth,  however,  a  star  would  be  increas- 
ing its  mass  without  increasing  its  momentum,  since  the  momentum 
of  the  added  material  would  be  approximately  zero,  and  therefore 
its  velocity  would  be  decreasing.  If  the  surmise  that  a  growing 
mass  means  an  increase  in  the  rate  of  the  release  of  subatomic 
energy  is  correct,  then  the  growing  star  would  push  its  way  through 
the  various  spectral  tA-pes  toward  class  B  with  an  ever-decreasing 
speed,  which  is  quite  in  harmony  with  our  knowledge  that  stars  of 
class  B  have  low  velocities  and  that  higher  velocities  are  associated 
with  the  stars  of  deeper  color.  It  harmonizes  also  with  the  knowl- 
edge that  the  stars  of  class  B  are  on  the  whole  the  massive  stars. 

So  also  a  star  of  class  B  which  was  produced  from  a  recently 
formed  nebula  would  have  a  low  velocity,  and  this  velocity  would 
increase  through  the  ages,  owing  to  the  gravitational  action  of  other 
stars.  But  in  the  meantime,  as  it  radiated  away  its  energies  and 
decreased  in  mass  its  spectral  txpe  would  change  in  the  direction 
from  B  toward  M,  so  that  again  there  would  be  an  association  of 
the  deeper  colors  with  higher  velocities.  Obviously,  the  same 
star  may  at  one  time  be  increasing  in  mass  and  decreasing  in 
speed,  and  at  another  be  decreasing  in  mass  and  increasing  in  speed, 
the  spectral  t}*pe  changing  correspondingly,  and  these  changes  may 
be  repeated  indefinitely.  In  view  of  these  possibilities,  then,  we 
cannot  assign  an  upper  limit  to  the  duration  of  the  life  of  a  star; 
nor  indeed  could  we  say  that  a  star  has  but  one  life,  for  it  is  quite 
conceivable  that  its  life  may  be  extinguished  and  renewed  many 
times. 

One  can  imagine  that  a  wandering  star  finds  its  way  into  a 
nebula  of  sulhciently  enormous  expanse  and  has  its  velocity  so  de- 
creased that  it  is  unable  to  escape,  .\nother  star,  and  still  another, 
is  entangled  in  its  filmy  substance,  and  finally  a  whole  group  of 
stars  are  brought  to  rest  within  its  borders.  If  these  stars  come 
from  all  directions  at  random,  the  moment  of  momentum  of  the 
group  would  be  small.  Since  the  moment  of  momentum  of  the 
nebula  itself  would  be  small,  there  w^ould  be  little  tendency  for 
the  system  as  a  whole  to  rotate,  but  under  their  mutual  attrac- 
tions these  stars  would  take  the  form  of  a  globular  cluster.     In 
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the  course  of  time  they  would  sweep  up  the  nebulous  material 
which  had  bound  them  together;  and  this  material  for  many  ages 
w^ould  furnish  the  energy  for  their  lavish  radiation.  But  eventually 
it  would  be  exhausted  and  the  stars  would  decline  in  mass.  As 
they  did  so,  the  gravitational  control  of  the  group  on  the  indi- 
vidual members  would  be  relaxed.  •  The  cluster  would  expand,  and 
finally,  one  by  one,  the  stars  would  escape  and  pursue  their  lonely 
journeys  in  search  of  new  adventures. 

An  unusual  epoch  in  the  existence  of  a  star  will  occur  when  it 
happens  to  pass  through  the  immediate  neighborhood  of  another 
star,  an  event  which  is  almost  certain  to  occur  in  a  sulhciently 
extended  period  of  time.  The  results  of  such  an  encounter  are 
studied  in  the  well-known  researches  of  Chamberlin  and  Moulton 
on  the  planetesimal  hypothesis  of  the  development  of  our  own 
planetary  system.  In  this  hypothesis  the  fundamental  assumption 
is  that  at  some  remote  epoch  in  the  past  our  sun,  even  at  that  time 
a  star,  passed  close  by  another  star  and  that  our  planetary  system 
has  grown  up  and  developed  from  the  material  which  was  torn  from 
the  sun  by  the  tidal  and  disruptive  action  of  the  second  sun.  If  the 
life  of  our  sun  is  limited  to  some  such  period  as  a  thousand  millions 
of  years  it  must  be  admitted  that  the  chance  for  its  encounter  with 
another  sun  during  this  relatively  short  interval  is  small,  and  this 
objection  has  been  urged.  But  if  the  time  limit  on  the  duration  of 
the  sun's  life  be  removed,  such  an  encounter  becomes  very  probable, 
indeed  almost  a  certainty,  and  our  confidence  in  the  planetesimal 
h\pothesis  is  strengthened,  or,  perhaps  better,  our  skepticism  is 
somewhat  weakened. 

But  if  the  sun  is  living  upon  material  which  is  drawn  in  from 
surrounding  space,  the  planets,  too,  at  a  smaller  rate,  must  be  adding 
to  their  masses  and  therefore  growing,  since  they  have  not  yet 
reached  a  stellar  condition.  In  the  course  of  time  they  too  will 
grow  to  the  full  stature  of  a  sun  unless  in  the  meantime  the  mutual 
perturbations  of  the  planets  shall  have  brought  about  the  destruc- 
tion of  one  or  more  of  them  through  collisions  among  themselves 
or  with  the  sun.  Obviously  the  growth  of  the  planets  in  such  a 
manner  would  result  in  greatly  contracting  the  dimensions  of  the 
planetary  orbits,  not  only  through  the  gravitative. effect  of  increased 
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mass,  but  also  because  the  ingathering  process  would  have  much  the 
same  effect  as  friction,  since  the  process  would  add  nothing  to  the 
momentum  of  the  planets  and  would  therefore  decrease  their  speeds. 
It  seems  quite  likely  that  the  road  to  stellar  condition  would  not  be 
traveled  very  far  before  the  terrestrial  planets  would  be  swallowed 
up  by  the  sun,  and,  if  the  sun  also  were  growing,  by  the  time  it  had 
arrived  at  spectral  t}'pe  B  the  sun  and  Jupiter  only  would  be  left  to 
form  a  binary  star  of  short  period — a  t^-pical  type  B  binary.  At 
the  present  time  Jupiter  is  too  small  in  mass  to  be  a  star.  If  the 
sun  is  now  passing  through  a  period  in  which  its  mass  is  decreasing, 
the  mass  of  Jupiter  will  be  growing,  or  at  the  very  worst  will  be 
stationary,  and  therefore  gaining  relatively  to  the  sun.  One  can 
fancy  the  sun  decreasing  toward  extinction  while  Jupiter  is  slowly 
growing  toward  stellar  conditions.  In  this  manner  Jupiter  and 
the  sun  might  approach  equality  in  mass.  At  a  later  time,  if  the 
solar  system  passed  through  a  region  rich  in  matter  the  sun  and 
Jupiter  would  grow  equally,  and  our  solar  system,  if  not  reduced 
to  two  members,  at  least  would  present  the  interesting  phenomenon 
of  a  system  of  two  dominating  suns  of  approximate  equalitv.  In 
the  early  stages  of  this  rejuAcnation  the  sun  and  Jupiter  would 
form  a  binary  star  of  long  period  and  reddish  color.  As  they  grew  in 
mass  gathered  from  surrounding  space  their  colors  would  brighten, 
they  would  draw  closer  together,  and  their  period  would  shorten. 
Since  the  effect  of  a  resisting  medium  is  to  make  the  orbits  circular, 
it  can  be  shown  that  the  product  of  the  period  and  the  fifth  power 
of  the  sum  of  their  masses  would  remain  constant  during  this 
process  of  growth,  and  so  also  would  the  product  of  the  mean  dis- 
tance and  the  cube  of  the  sum  of  the  masses  remain  constant.  In 
other  words,  the  period  would  vary  inversely  as  the  fifth  power 
of  the  sum  of  the  masses,  and  the  mean  distance  inversely  as  the 
cube  of  the  sum  of  the  m^asses.  If  the  masses  of  the  sun  and 
Jupiter  were  increased  by  gathering  in  atomic  material  to  five 
times  their  present  masses,  the  distance  of  Jupiter  would  be  reduced 
from  500.000.000  miles  to  4.000.000  miles,  and  its  period  would  be 
reduced  from  about  twelve  years  to  approximately  thirty-three 
hours.  If  the  masses  were  of  approximate  equality  their  spectra 
would  change  in  the  direction  from  t>pe  M  toward  tjpe  B,  and  if 
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their  masses  were  sufficiently  great  to  have  a  spectrum  of  t^-pe  B  we 
should  certainly  have  a  short-period  binary  with  the  circular  orbit 
which  is  characteristic  of  this  class  of  spectroscopic  binaries.  On 
the  other  hand,  if  we  follow  such  a  binary  in  our  imaginations  as 
through  the  ages  it  decreases  in  mass,  we  see  the  reverse  process 
taking  place,  the  distance  between  the  stars  increasing  and  the 
eccentricity  increasing  likewise,  but  the  temperature  decreasing 
and  the  color  tending  through  the  yellow  toward  the  red  until  we 
see  finally  a  typical  visual  binary. 

An  indefinite  prolongation  of  a  star's  life  undoubtedly  would 
vastly  increase  the  significance  to  be  attached  to  a  close  approach  of 
two  stars,  since  such  a  close  approach  is  merely  a  matter  of  sufficient 
time.  With  the  relatively  short  span  of  life  hitherto  assigned  to  a 
star  such  an  event  is  highly  improbable  until  many  aeons  after 
the  star  has  become  cold  and  dead.  The  approach  of  two  cold  and 
solid  stars  would  certainly  have  to  be  extremely  close  to  have  any 
further  effect  on  the  stars  than  to  change  their  speeds  and  their 
paths,  and  it  is  very  doubtful  if  anything  short  of  actual  collision 
would  disrupt  them.  A  quite  different  state  of  affairs  would  arise, 
however,  if  the  stars  were  massive,  and  very  hot  and  active. 
These  are  the  conditions  postulated  in  the  planetesimal  hypothesis, 
and  the  consequences  of  such  conditions  must  play  a  very  common 
role  in  the  life-history  of  the  stars.  From  the  consequences  in  the 
sun-Jupiter  system,  in  which  it  has  been  shown  how  Jupiter  might 
become  as  massive  as  the  sun  and  the  sun  become  a  binary  star,  a 
possible  mode  of  genesis  of  these  interesting  objects  is  obtained. 
An  extension  of  the  planetesimal  hypothesis  seems  quite  competent 
to  account  for  the  existence  of  many  binary  stars,  from  the  t^^Dical 
yellow,  visual  binaries  of  high  eccentricity  and  long  period  to  the 
typically  short-period,  white  binaries  of  spectral  type  B  with  their 
almost  perfectly  circular  orbits.  The  coalescence  of  the  many 
members  of  a  planetary  system'  into  a  system  of  two  or  three  mem- 
bers would  furnish  many  occasions  for  the  flashing  up  of  a  star 
into  an  intense  but  temporary  brilliance,  such  as  is  exhibited  in 
the  relatively  frequent  temporary  stars.  It  is  not  necessary, 
however,  to  suppose  that  all  binaries  are  formed  in  the  same  man- 
ner, for  it  is  quite  conceivable  that  if  a  nebula  has  two  centers  of  con- 
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densation  a  binary  of  long  period  and  high  eccentricity  should 
result  through  the  process  of  condensation.  It  is  quite  possible  too 
that  there  exist  other  processes  which  have  not  yet  been  formu- 
lated. 

Two  processes  are  here  recognized  by  which  a  star  comes  into 
existence.  The  first  is  a  possible  condensation  from  a  nebula, 
though  this  does  not  seem  to  be  as  inevitable  a  process  as  it  has 
generally  been  regarded.  The  second  is  the  growth  of  a  nucleus — 
a  fragment  perhaps  from  some  disrupted  mass,  a  witness  of  some 
titanic  cataclysm — by  the  accretion  of  atoms  and  small  particles  to 
such  a  mass  that  the  release  of  subatomic  energies  transforms  it  into 
a  radiating  star.  By  collision,  or  very  close  approach,  only  can  we 
account  for  a  star  passing  out  of  existence,  in  the  first  of  which  two 
masses  are  united  into  a  single  one,  and  in  the  second  a  single  solid 
mass  is  disrupted  into  many  fragments.  But  during  the  continu- 
ance of  its  existence  a  star  is  essentially  a  singular  point  in  an 
infinite  field  of  energy.  Through  these  singular  points  the  energy 
ebbs  and  flows.  When  the  flow  exceeds  the  ebb  the  star  grows  in 
mass  and  radiating  power  and  character  of  spectrum.  When  the 
ebb  exceeds  the  flow  the  star  declines  in  mass  and  radiation,  at  times 
even  to  the  point  of  extinction.  But  even  during  the  period  when 
its  radiation  fails,  the  singular  point  persists,  and  through  it  again 
flows  the  tide  of  energy  when  the  conditions  are  suitable.  Just 
as  the  atom  and  the  molecule  are  permanent  forms  of  physical 
existence,  so  also  is  the  star  a  permanent  form  of  physical  existence, 
notwithstanding  that  the  individual  may  pass  from  birth  to  its 
dissolution.  There  is  no  necessar\'  limit  to  its  age,  and  though 
the  star  itself  may  rise  and  fall,  the  universe  as  a  whole  is  not  essen- 
tially altered.  The  singular  points  may  change  their  positions 
and  their  brilliancy,  but  it  is  not  necessary  to  suppose  that  the 
universe  as  a  whole  has  ever  beexi  or  ever  will  be  essentially  different 
from  what  it  is  today. 
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ON  SOME  PHENOMENA  OBSERVED  IN  THE 
FOUCAULT  TEST 

By  SUDHANSUKUMAR  BAXERJI 

The  ''knife-edge"  test  introduced  by  Foucault  is  one  of  the  best- 
known  methods  for  examining  the  performance  of  an  optical  sur- 
face.' Lord  Rayleigh  has  recently  published  a  paper  dealing  with 
the  theory  of  this  test,  taking  into  account  the  part  played  by  the 
diffraction  of  the  rays  reaching  the  focal  plane. ^  In  the  present 
note  I  propose  to  describe  some  new  phenomena  that  I  have 
observed  in  the  Foucault  test,  and  to  explain  the  results  obtained 
in  the  light  of  the  theory  given  by  Lord  Rayleigh.  The  case  most 
readily  admitting  of  mathematical  treatment  and  which  is  the  one 
considered  in  Lord  Rayleigh's  paper  is  that  in  which  the  surface 
under  test  is  bounded  by  parallel  straight  edges  and  the  knife-edge 
used  is  also  placed  parallel  to  these  edges  at  or  near  the  focal  plane, 
the  source  of  light  being  a  fine  slit  parallel  to  the  boundaries  of  the 
surface  and  to  the  knife-edge.  My  own  observations  have  also 
been  made  with  a  similar  arrangement. 

It  has  long  been  known  that  when  the  illumination  of  the  surface 
under  observation  is  cut  off  by  the  advancing  knife-edge  in  the 
focal  plane,  the  edges  of  the  surface  remain  bright  and  in  fact  shine 
out  with  enhanced  brilliancy.  This  effect  has  long  been  known  to 
be  due  to  diffraction-^  and  has  been  discussed  in  Lord  Rayleigh's 
paper.  There  is  another  effect  due  to  diffraction  observed  in 
Foucault's  test  which  does  not  appear  to  have  been  previously 
recorded  or  explained.  I  have  found  that  as  the  knife-edge  is 
gradually  advanced  in  the  focal  plane,  the  surface  lyirig  between 
the  boundaries  does  not  continuously  decrease  in  brightness  but 

'  See  for  instance  the  memoirs  by  Draper  and  Ritchey  on  the  construction  of  a 
silvered  glass  telescope,  Smithsonian  Contributions  to  Knouicdgr,  34,  1904. 

2  "On  Methods  for  Detecting  Small  Optical  Retardations,  and  on  the  Theory 
of  Foucault's  Test,"  Phil.  Mag.,  33,  161,  1917.  See  also  a  note  by  the  present  author 
in  Nature,  99,  206,  191 7. 

3  See  p.  32  in  Ritchey 's  memoir  quoted  above. 
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that  the  illumination  of  the  entire  surface  undergoes  large  fluctua- 
tions, becoming  alternately  greater  or  less,  finally  tending,  however, 
to  zero  when  the  knife-edge  is  advanced  considerably.  With  white 
light  some  very  remarkable  color-eff'ects  may  be  noticed.  It  is  found 
that  the  boundaries  of  the  surface  appear  luminous  and  white,  but 
the  region  inside  the  boundaries  shows  color,  this  being  practically 
of  the  same  tint  throughout,  but  most  marked  midway  between  the 
boundaries.  The  whole  of  the  field  between  the  boundaries  passes 
through  an  interesting  succession  of  colors  as  the  knife-edge  is 
slowly  moved  in  the  focal  plane.  The  field  outside  the  boundaries 
also  shows  a  color  (though  much  less  vividly)  which  is  in  general 
complementary  to  that  observed  between  the  boundaries.  These 
color-eft'ects  are  obviously  due  to  the  fluctuations  of  the  intensity 
of  the  entire  field  between  the  boundaries,  not  being  in  the  same 
phase  for  dift'erent  parts  of  the  spectrum. 

The  theory  of  Foucault's  test  as  developed  by  Lord  Rayleigh  is 
found  to  be  capable  of  explaining  these  remarkable  color-phenomena. 
The  expression  given  by  Lord  Rayleigh  for  the  intensity  of  the  field 
as  viewed  in  the  direction  0  is 
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where  ^i.  ^,  are  the  limits  of  the  aperture  in  the  focal  plane  and  d 
is  the  angular  semi-aperture  of  the  lens  under  test.  In  practice  ^2 
is  large.  To  illustrate  the  fact  that  the  luminosity  of  the  field 
between  the  boundaries  undergoes  fluctuations  as  $1  is  gradually 
increased,  I  have  prepared  Table  I  showing  the  intensity  of  dift'er- 
ent  points  of  the  field  as  calculated  from  the  expression  given  above, 
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taking  $.  = r-  and  ^i  =  ^^.v,  where  x  has  the  values  i,  1.63, 
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2.62,  and  3  in  succession,  these  being  approximately  the  values  for 
which  the  intensity  at  the  center  of  the  field  is  greatest  or  least. 

It  will  be  seen  from  the  figures  in  Table  I  that  the  intensity  of 
the  entire  field  between  the  limits  <j}/d  =  ±  i  becomes  alternately 
greater  and  less  as  ^i  is  increased.  This  fact  is  not  brought  out  in 
Rayleigh's  paper.  The  region  outside  the  boundaries  does  not  show 
such  a  marked  variation.  In  fact,  observation  shows  that  when 
^2  is  large  a  variation  of  ^i  produces  a  relatively  insignificant  effect 
on  the  intensity  of  the  field  outside  the  boundaries.  If,  however, 
^2  be  not  large,  experiment  and  theory  agree  in  showing  that  a 
variation  of  either  ^^  alone  or  of  both  ^i  and  ^2  '  ^2  —  ^i  remaining 
constant)  results  in  a  marked  fluctuation  of  the  intensity  of  the 
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field  outside  the  boundaries,  and  the  colors  observed  in  this  region 
with  white  light  become  more  prominent.  It  should  be  remarked 
here  that  when  ^2  is  not  large  the  regions  inside  and  outside  the 
boundaries  (observed  in  white  light)  are  not  generally  of  uniform 
tint  throughout,  as  diffraction  fringes  appear  showing  a  regular  suc- 
cession of  colors,  although  a  preponderance  of  a  particular  color 
within  the  boundaries  and  of  a  complementary  color  in  the  region 
outside  may  be  noticed.  As  the  knife-edge  is  moved  in,  the  rela- 
tive intensities  of  the  different  colors  change  to  an  enormous 
extent,  and  the  positions  of  the  different  fringes  shift  to  and  fro. 
The  changes  in  the  position  and  the  color  of  the  bands  within  the 
boundaries  are  most  interesting  to  watch  when  their  number  is 
small.  If  it  is  arranged  to  alter  both  ^i  and  ^2  (^2  — si  remaining 
constant  and  small),  a  fluctuation  in  the  number  of  the  fringes 
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between  the  boundaries  from  one  to  two,  or  two  to  three,  and  vice 
versa,  may  be  observed,  these  changes  being  accompanied  by  a 
fluctuation  in  the  intensity  of  the  bands.  As  an  illustration  of  this 
I  have  calculated  the  distribution  of  intensity  from  Lord  Rayleigh's 
expression  for  two  sets  of  values  of  $^,  ^i,  these  being  ^^  =  0.7  mm 

and  ^i  =  c.5mm,  and  ^,  =  0.8  mm  and  ^1=0.6  mm,  and 

taken  to  be  30A-(mm)" 
in  Figs.  I  and  2. 


was 


The  intensity-curves  have  been  plotted 


Fig.  I 


Fig.  2 


PHENOMENA    OBSERVED    WHEN    THE    KNIFE-EDGE    IS    NOT 
IN    THE  FOCAL    PLANE 

Lord  Rayleigh  has  confined  himself  in  his  paper  to  the  case  in 
which  the  knife-edge  is  put  exactly  in  the  focal  plane.  In  the 
practical  application  of  the  Foucault  test,  the  position  of  the  focal 
plane  has  to  be  found  by  actual  trial,  and  it  is  therefore  of  interest 
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to  consider  also  the  effects  observed  v/hen  the  knife-edge  is  put  in 
a  plane  a  little  in  advance  of  or  behind  the  focal  plane.  Actual 
experimental  observation  in  the  case  of  a  rectilinear  boundary 
under  these  conditions  shows  that  when  the  knife-edge  is  sufficiently 
advanced  so  as  to  cut  off  the  general  illumination  of  the  surface, 
the  two  edges  of  the  field  still  appear  luminous  hut  differ  markedly 
in  their  brilliancy.  This  difference  becomes  greater  and  greater  as 
the  knife-edge  is  put  in  a  plane  farther  and  farther  from  the  focus. 
The  effect  is  reversed  if  the  knife-edge  is  put  in  front  of  instead  of 
behind  the  focal  plane,  and  has  no  doubt  been  frequently  noticed 
by  those  who  have  applied  Foucault's  test  in  practice.  It  should 
be  remarked  also  that  when  the  knife-edge  is  considerably  advanced 
in  any  given  plane  the  inequality  of  the  luminosity  of  the  two  edges 
diminishes.  The  mathematical  theory  of  these  effects  is  given 
below. 

Let  A  represent  the  lens  with  its  rectangular  aperture  which 
brings  parallel  rays  to  a  focus  0.  Let  a  screen  containing  an 
aperture  parallel  to  the  aperture  of  the  lens  be  placed  at  a  distance 
a  in  advance  of  the  focus.  A  is  the  center  of  the  first  aperture 
and  Q  any  point  on  it.  so  that  AQ  =  s.  If  P  be  any  point  on  the 
second  aperture  and  B  the  center  of  the  screen,  then  putting 
BP  =  ^  and  AO  =f,  we  get 

PQ'  =  Q0'+0P'-2Q0  '  OP  cos  POQ 

=/^+a=+^^+2/.  1   a'+^'  cos  (^.-ftan-'M 

=  (/+!   a'+eY-^f-  1   aH^sin4('^+tan-'|j 

Since  sin^  hi  -.-f-tan"'  -]  is  small,  provided  f/a  is  small,  we  have, 
""Kj  a/ 

extracting  the  square  root, 


PQ=f+,   ,p^_^f-.ra^  sin.  j('.+  tan-  -«) 


/-l-l   a^+r  ^f 
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Now,  since  ^'a  is  supposed  to  be  small,  we  get 


2(/+lV+f)a^     a(/+l/a^+|-')  2/(/+l/a^+f) 

Thus  we  see  that 

PQ=f+A+Bs+Cs' 
where 


J  =  V  a^4-^^-- 


2(/+l   c^+|^)a^ 


5=_.^       1    a^+^^ 


«   /+l'a^+^^' 


c=-     ^■^^+^^ 


Therefore  the  disturbance  at  the  point  ^  of  the  second  aperture  will 
be  represented  by 


r  //     f+A+Bs+Cs'\. 

)!^''At    X j'^^- 

//      A 
If  T  be  written  for  \f~\l^^  ^^^  foregoing  integral  can  be  written 

in  the  form 


.      TT^  r.         A+Bs+Cs'^    .         27r_.  r  /. 

5m  2- i    I  sin2  7r r- fl^+cos— r  I  COS2  7r(- 


sin  2'-T  \  sin27r'-^-^ — ~  .  -~  d^j^QQ^^i  |  cos27r( r^ \ds 


The  rays  from  the  various  points  of  the  second  aperture  may  be 
regarded  as  a  parallel  pencil  inclined  to  the  axis  at  a  small  angle  0. 
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When  we  proceed  to  inquire  what  is  to  be  observed  at  an  angle  </>, 
we  have  to  consider  the  expression 


coskT  I      I  CO?,  k{A+Bs+Cs'-(i>^)dsd^ 


+  sin  kT 


2ir 


sin  kiA'\-Bs-^Cs'-(l>^)dsd^, 


where  K=       and  ^i,  $_,  define  the  hmits  of  the  second  aperture. 

A 

The  intensity  /  represented  as  the  sum  of  the  squares  of  the 
integrals  is  given  by 


/  = 


cosk{A  i-Bs+Cs'-(l)^)dsd^ 


+ 


sin  k{A  -\-Bs-\-Cs'-(l>^)dsd^ 


The  integration  can  be  carried  out  with  respect  to  s  on  putting 
s  =  z  —  a  and  choosing  a  so  that  the  term  containing  the  first  power 
of  s  in  the  expression  A-\-B(z  —  a)-{-C{z  —  a)-—(t)^  vanishes.  The 
integrals  are  thus  reduced  to  integrals  of  the  Fresnel  class  and  can 
be  integrated  in  semi-convergent  series.  Since  i^  is  a  large  quan- 
tity, we  retain  only  a  few  terms  of  the  series,  and  the  subsequent 
integration  with  respect  to  ^  is  effected  by  integrating  by  parts. 

We  thus  find  that  the  intensity  is  proportional  to  the  sum  of  the 
squares  of  the  expressions  (I)  and  (II)  given  below. 


(I) 


2C 


+  \  a2—{  hi— 


~^[-cos  k{A,-\-B,s+C,s^-<t>Q  '  s^_^ 


BiCiX  B2   ) 


2C2/2C2  f 


cos  k(A2-}-B,s-\-CiS'-<j)^2) 


kiB^+iC^s) 


]■-, 
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-~^[-cos  k(A,-\-B.s-{-C,s'-ct>^,)  'sj_ 


iC 

\ 


—  \  Oi  — (  6i  — 


/  ,  B,C,\  B:      I 


\  '     2CI/2CI 


COS  k{A,+B,s-\-C,s'-4>^^) 

k{B,+  2C,s) 


(11) 


iCM 


sin  k{A2+B2S+C2S-  —  (i>^2)  •  5 


?>mk{A2+B^+C2$^--<i>Q 

k{B2+2C2S) 


I  V         2CJ2C,  \ 


sin  ^(Ji+^i^+Ci^'  — 0^1) 


^(5,+  2C.5) 

+  (^'i-^')^[sin^(.4.+5,5+C:5^-<^^0]l^, 


where 


J-\-a 
f-\-a 


c.=  - 


02 


2/(/+a) 


/■ 


2a'(f+a) 


^.-0(/+a)' 


2/(/+a) 


/ 


2aH/+a) 


^i 


^'.= 


/+«, 


6^  =  T 


|-</»(/+a)' 


U.-0(/+a)p' 


?.(/+«) 


f+a 


^'  =  T 


^i(/+a) 


■;|.-0(/+a);-3     2a(/+a)Ui-<A(/+<i)P' 
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This  expression  has  been  used  to  determine  the  ratio  of  the  inten- 
sities of  the  two  edges  for  different  positions  of  the  advancing  edge 
at  different  distances  from  the  focal  plane.  The  ratio  of  the  bright- 
ness of  the  two  edges  was  also  determined  experimentally  by  photo- 
metric comparison.  For  this  purpose  a  double-image  prism  was 
used  to  obtain  a  pair  of  images  of  the  luminous  edges  polarized  in 
perpendicular  planes  which  were  then  observed  through  a  nicol. 
The  results  are  shown  in  Table  II.  The  agreement  between  theory 
and  experiment  is  fairly  satisfactory. 


TABLE  II 

25  =  3.47  mm,    7=43.3  cm,     X  =  0.0006  mm 


Observed 

Calculated 

^ 

Ratio  of  the 

Ratio  of  the 

a 

|i 

Intensity  of  the  Intensity  of  the 

Two  Edges 

Two  Edges 

cm 

mm 

mm 

-4.0 

0.85 

5.65 

0.25 

0.21 

-4.0 

2.65 

5 

65 

0.41 

0.38 

-2.5 

0.72 

5 

38 

0.32 

0.30 

-2.5 

2.43 

5 

38 

0.53 

0.48 

-i-s 

I  .00 

5 

95 

0.50 

0.45 

-1-5 

2.87 

5 

82 

0.65 

0-59 

0 

I  .00 
132 

1 .00 

+  2.5 

0.76 

5 

76' ■■ 

1.28 

+  2.5 

2.76 

5 

76 

1. 14 

I.  II 

+4.5 

0.61 

5 

61 

2.37 

2.29 

+4.5 

2.60 

5 

61 

1.42 

1-37 

Calcutta  University 
March  5,  1918 
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ox  CHANGES  OF  THE  WAVE-LENGTHS  OF  LINES  IN 
STELLAR  SPECTRA  WITH  CHANGE  OF  TYPE 

In  the  March  number  of  the  Astro  physical  Journal,  \'oute  has 
revived  the  research  which  was  initiated  in  1906,  and  continued  in 
191 1,  by  Albrecht  on  the  progressive  changes  of  wave-length  of 
stellar  lines,  depending  on  the  stellar  t}'pe.  In  some  respects  the 
results  obtained  by  Albrecht  were  surprising.  In  the  case  of 
blended  lines,  especially  if  only  two  components  were  involved — 
and  these  perhaps  of  different  t}'pes  of  line,  such  as  enhanced  and 
unenhanced — one  would  naturally  expect  a  progressive  change  of 
position,  depending  on  the  alteration  in  relative  intensity  of  the 
components  as  one  proceeded  along  the  various  t^-pes;  and,  know- 
ing the  composition  of  the  blends,  it  was  fairly  easy  to  predict  which 
direction  the  changes  in  wave-length  would  take.  Some  of 
Albrecht's  lines,  however,  were  free  from  any  suspicion  of  blending, 
and  as  these  also  showed  progressive  changes,  obviously  some  other 
cause  must  be  involved  other  than  that  recognized  for  the  blended 
lines.  Examples  of  this  class  of  ''pure"  lines  are  Sc  4246.99.  Cr 
4254.51.  Fe  4260.64.  and  p  Ti  4468.66. 

In  other  cases  more  than  two  lines  compose  the  blends,  and  here 
the  chances  seem  all  against  the  changes  taking  place  in  one  direc- 
tion only,  the  cause  being  assumed  to  be  the  shift  of  the  center  of 
gra\dty  of  the  blend,  owing  to  relative  changes  in  intensity  among 
the  various  component  lines.  And  yet  Albrecht's  results  showed 
the  same  progressive  changes  for  these  as  for  the  others.  As 
examples  of  this  class  we  may  mention  4288.1,  involving  the  solar 
lines  Ti  4288.038,  Ni  4288.149,  and  Ti-Fe  4288.310;  4315. i,  com- 
posed of  Ti  4314.964,  p  Ti  4315.138,  and  Fe 4315. 262;  and  4352.0, 
formed  apparently  by  the  two  solar  lines  4351.930  (due  partly  to 
p  Fe  line  4351.93  and  partly  to  a  Cr  line  of  identical  wave-length) 
and  ]\Ig  4352.083.     For  the  last  of  these  blends  one  would  have 
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expected  the  lower  wave-lengths  to  have  prevailed  toward  the  F 
end  of  the  spectral  types,  as  the  enhanced  lines  are  more  prominent 
there,  whereas  the  unenhanced  lines  of  Cr  and  Mg  are  more  pro- 
nounced in  the  solar  and  later  types.  Albrecht's  values  show  an 
exactly  contrary  result,  the  wave-length  diminishing  in  going  from 
F  to  M.  Although  the  line  4351 .93,  one  of  the  components  of  this 
blend,  is  ascribed  by  Rowland  to  Cr  only,  there  can  be  no  doubt 
that  in  the  solar  line  the  enhanced  line  of  Fe  at  4351 .93  is  involved. 
In  fact,  if  one  goes  farther  back  to  the  A  and  late  B  types,  the 
evidence  is  almost  overwhelming  that  in  the  former  the  stellar  line 
in  this  position  is  due  chiefly  to  p  Fe,  and  in  the  latter  w^holly  so. 

Assuming  Albrecht's  results  for  the  progressive  changes  in  wave- 
length to  be  correct,  no  satisfactory  explanation  has  been  adduced 
in  the  case  of  unblended  lines  and  complex  blends  involving  more 
than  two  lines. 

Voute  affirms  that  his  resulting  changes  in  wave-length  agree 
on  the  whole  w^ith  Albrecht's.  There  are,  however,  some  very 
striking  differences  among  the  pure  or  unblended  lines.  Thus, 
for  Sc  4247.0  Albrecht  gets  increased  wave-lengths  from  F  to  K; 
Voute's  show  a  progressional  decrease.  For  Fe  4260.6  Albrecht 
gets  a  continuous  increase  from  F  to  K;  Voute's  show  an  increase 
A  to  F,  a  big  drop  (0.16  A)  F  to  G,  then  a  bigger  rise  (0.24  A) 
G  to  K.  For  Cr  4274.96  Albrecht's  decrease,  Voute's  first 
decrease,  then  rise.  For  H7  Albrecht's  are  nearly  constant; 
Voute's  vary  o.i  A.  In  fact,  of  eight  cases  of  unblended  lines 
where  the  results  of  the  two  observers  are  comparable,  only  three 
show  similar  behavior.  These  are  p  Ti  4399.94,  Fe  4469.55,  and 
p  Ti  4468.66. 

In  Voute's  own  results  for  unblended  lines  there  are  one  or  two 
apparent  inconsistencies  in  the  wave-length  changes  for  Fe  lines 
which  are  always  associated  in  laboratory  spectra  as  being  of 
similar  behavior.  Thus,  for  the  two  strong  neighboring  iron  lines 
4271.33,  4271.93,  the  former  decreases  from  t}'pe  A  to  F,  then 
rapidly  increases  through  t}'pe  G  to  K,  the  variation  being  o.  18  A. 
The  latter  increases  from  A  to  F,  falls  from  F  to  G,  then  rises  rapidly 
to  K,  the  whole  range  being  o.ii  A.  For  the  well-known  Fe 
triplet  4383.72,  4404.93,  4415.29,  whereas  the  two  former  have 


m 


MINOR  CONTRIBUTIONS  AND  NOTES  6i 

nearly  constant  wave-lengths  in  the  various  stellar  t^pes.  the  last 
shows  an  increase  -continuously  from  A  to  K,  and  has  a  range  of 
o.  13  A.  It  seems  very  probable  that  some  of  these  results  do  not 
represent  real  changes,  but  are,  in  the  main,  due  to  errors  in  estimat- 
ing the  wave-lengths. 

This  kind  of  research  is  so  important  that  it  is  to  be  hoped  other 
observers  with  available  material  of  the  necessary  refinement  will 
undertake  it,  and  thus  afford  comparison  with  Albrecht's  consistent, 
though  in  some  ways  remarkable,  results.  Albrecht.  in  his  paper 
of  191 1,  stated  that  he  intended  to  continue  the  research,  extending 
both  the  region  of  spectrum  investigated  and  the  range  of  stellar 
t^pes,  but,  as  far  as  the  writer  knows,  he  has  not  published  anything 
further. 

F.  E.  Baxaxdall 

Cambridge,  England 
May  2T,,  1918 


SUGGESTION  TO  OBSERVERS  OF  XOVA  AQUILAE 

I  desire  to  call  the  attention  of  observers  who  have  powerful 
reflectors  at  their  disposal  to  the  desirability  of  making  spectro- 
scopic and  polariscopic  observations  of  the  nebula  which,  judging 
from  Xova  Persei,  may  be  expected  to  make  its  appearance  about 
the  new  star  in  Aquila. 

Attempts  were  made  by  the  writer'  to  obtain  such  observations 
of  the  nebulosity  about  Xova  Persei,  but  owing  to  the  faintness  of 
the  nebulosity  during  the  later  stages  when  the  attempts  were 
made  the  results  were  not  so  decisive  as  could  be  desired,  especially 
with  regard  to  polarization. 

It  seems  entirely  possible  with  our  present  means  to  obtain 
decisive  information  on  both  of  these  points,  if  observations  are 
made  as  soon  as  such  nebulosity  is  well  visible  and  separated  from 
the  star.  In  the  case  of  Nova  Persei,  impressions  of  two  nebulous 
rings  were  obtained  about  five  weeks  after  maximum  brightness. 
If  Xova  Aquilae  behaves  similarly,  such  nebulosity  should  be  far 
enough  away  for  separate  observation  in  from  two  to  three  months 

'  Lick  Observatory  Bulletins,  i,  180,  1902;    2,  ^,2,  1903. 
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from  the  date  of  the  outburst,  or  in  the  month  of  August  or  Septem- 
ber of  the  present  year. 

Such  observations  should  throw  Ught  on  the  very  important 
question  whether  the  nebulosity  is  a  product  of  the  outburst  or  || 

whether  it  existed  in  the  region  and  may  have  been  a  factor  in 

causing  the  outburst. 

CD.  Perrine 


Observatorio  Nacional  Argextixo,  Cordoba 
June  17,  1918 
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THE  VISIBILITY  OF  RADIATION 

By  EDWARD  P.  HYDE,  W.  E.  FORSYTHE,  AND  F.  E.  CADY 

It  would  almost  appear  redundant,  in  view  of  the  numerous 
and  careful  determinations  of  the  visibility  of  radiation,  such  as 
those  of  Ives,^  Nutting,^  and  Coblentz  and  Emerson,^  to  under- 
take a  new  investigation  of  this  function.  And  yet  a  casual  survey 
of  the  literature  reveals  striking  differences  among  the  results  of 
the  several  investigators,  and  in  the  second  place  the  old  and  much- 
mooted  question  of  the  reliability  of  the  highly  developed  method 
of  flicker  photometry  in  giving  results  consistent  with  the  older 
and  more  commonly  used  method  of  direct  comparison  is  apparently 
still  unsettled. 

In  connection  with  a  new  experimental  investigation  of  the 
relative  brightness  of  a  black  body  as  a  function  of  its  temperature, 
in  which  the  measurements  of  brightness  were  made  by  the  method 
of  direct  comparison,  it  was  desired  to  compare  the  relative  bright- 
nesses as  determined  experiirientally  against  the  corresponding 
relative  \-alues  computed  from  the  energy-curves  as  given  by 
Planck's  equation  and  visibihty  data,  after  the  method  of  Eisler.'' 

'  Phil.  Mag.  (6),  24,  149,  191 2,  and  Phys.  Rev.,  6,  329,  1915. 
^  Trans.  Ilium.  Eng.  Soc.  (U.S.),  9,  633,  1914,  and  13,  108,  1918. 
^Scientific  Papers  of  the  Bureau  of  Slandaids,  No.  303;  Bulletin  of  the  Bureau 
of  Standards,  14,  167,  1918. 

*  Elek.  Zeit.,  25,  188,  1904. 
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To  this  end  it  seemed  advisable  to  undertake  a  new  determination 
of  the  visibihty-curve  by  the  method  of  direct  comparison  and  under 
experimental  conditions  which  should  be  so  chosen  as  to  be  com- 
parable with  those  involved  in  the  measurements  of  brightness 
rather  than  to  accept  any  of  the  published  flicker  values,  or  to 
impose  upon  the  new  determination  any  of  the  various  specified 
conditions  suggested  by  the  flicker  investigations  but  at  variance 
with  the  conditions  obtaining  in  the  measurements  of  brightness 
of  the  black  body,  e.g.,  the  restriction  of  the  size  of  the  field  such 
as  has  become  common  practice  in  flicker  photometry. 

It  is  not  the  intention  in  this  paper  to  enter  upon  a  historical 
discussion  of  the  subject;  for  this  the  reader  is  referred  to  the 
papers  of  other  investigators,  notably  to  the  recent  extended  mono- 
graph on  the  subject  by  Coblentz  and  Emerson.  It  is  of  great 
importance,  however,  for  the  present  purpose  to  consider  briefly  the 
question  of  the  relative  merits  of  the  method  of  flicker  photometry 
and  of  the  older  method  of  direct  comparison  in  equating  illumina- 
tions of  different  color. 

It  is  a  matter  of  opinion  on  what  basis  two  illuminations  of 
different  color  should  be  adjudged  equal,  and  yet  it  is  probable  that 
by  consensus  of  opinion  equality  of  brightness  as  given  in  an  ordi- 
nary photometer  would  be  selected  as  the  criterion,  granted,  of 
course,  that  this  judgment  can  be  formed.  Herein  lies  the  whole 
difficulty,  and  because  it  was  found  that  illuminations  of  gross 
difference  in  color  could  only  approximately  and  with  great  diffi- 
culty be  equated  in  intensity  by  the  method  of  direct  comparison, 
attention  was  turned  to  the  flicker  method,  which  permits  of  com- 
paratively easy  measurements,  even  though  individual  pecuhari- 
ties  still  exhibit  themselves.  And  when  it  was  thought  to  have 
been  found  that  the  visibility  of  radiation  as  determined  by  the 
flicker,  method  was  sensibly  the  same  as  that  indicated  by  the  less 
accurate  method  of  direct  comparison,  exponents  of  the  flicker 
method  arose  who  wished  to  standardize  this  method  as  the  accepted 
one  for  all  heterochromatic  measurements. 

The  two  questions  which  the  authors  wish  to  raise  are: 
(i)  whether  the  inaccuracies  of  the  direct-comparison  method 
in  all  ordinary  practical  problems  of  heterochromatic  photometry 


I 


THE  VISIBILITY  OF  RADIATION  67 

are  so  large  as  to  demand  the  introduction  of  a  new  method; 
and  (2)  whether  the  findings  of  the  new  method,  under  the  pre- 
scribed experimental  conditions,  are  the  same  as  those  of  the  older 
and  commonly  accepted  method  within  the  errors  of  measurement. 

In  answer  to  the  first  question  the  authors  would  refer  to  the 
paper  by  Middlekauft"  and  Skogland'  on  "An  Interlaboratory 
Photometric  Comparison  of  Glass  Screens  and  of  Tungsten  Lamps, 
Involving  Color  Difterences."  This  paper  reports  the  results  of 
measurements  made  at  several  laboratories  on  the  transmission 
of  various  blue-glass  screens  and  on  the  relative  candle-powers  of 
several  tungsten  lamps  each  operated  at  a  number  of  widely  differ- 
ent voltages.  The  report  shows  that  in  the  determination  of  the 
relative  candle-powers  of  tungsten  lamps  at  72  volts  and  132  volts, 
involving  a  color-difference  of  the  order  of  magnitude  of  that  exist- 
ing between  an  old-type  4  w.p.c.  carbon  lamp  and  a  0.85  w.p.c. 
vacuum  tungsten  lamp,  three  laboratories  using  the  Lummer- 
Brodhun  photometer  obtained  results  agreeing  among  themselves 
within  a  maximum  difference  of  less  than  2  per  cent.  And,  as 
will  be  pointed  out  later,  at  least  a  part  of  this  difference  is  probably 
to  be  ascribed  to  the  small  number  of  observers  at  each  laboratory 
and  the  consequent  undue  weight  assigned  to  individual  idiosyn- 
crasies of  vision.  If  a  determination  involving  so  large  a  color- 
difference  can  be  made  by  the  older  method  with  an  error  of 
probably  less  than  i  per  cent  from  the  mean,  there  would  seem  to  be 
little  need  of  introducing  a  new  method,  particularly  if  the  founda- 
tion upon  which  it  rests  is  insecure.  In  this  same  comparison  a 
determination  at  another  laboratory  with  the  flicker  photometer 
gave  results  markedly  different  from  the  results  of  direct  compari- 
son, and  a  similar  difference  in  the  same  direction  and  of  even 
greater  magnitude  was  indicated  by  the  results  of  Crittenden  and 
Richtmyer,'  again  using  the  flicker  photometer. 

The  second  question  is  partially  answered  in  the  discussion 
above.     The  results  obtained  in  the  intercomparison  among  the 

■  Trans.  Ilium.  Eiig.  Soc.  (U.S.),  ii,  164,  1916;  Bulletin  of  the  Bureau  of  Stand- 
ards, 13,  287,  igrS. 

^  Scientific  Papers  of  the  Bureau  of  Standards,  Xo.  299;  Bulletin  of  the  Bureau 
of  Standards,  14,  87, 19 18. 
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various  laboratories  and  also  the  results  of  a  comparative  study  by 
Crittenden  and  Richtmyer  show  that  ratios  given  by  the  flicker 
photometer,  under  the  prescribed  conditions  of  size  of  field,  etc., 
are  distinctly  different  from  those  found  by  the  more  commonly 
used  method  of  direct  comparison.  For  the  color-difference 
referred  to  in  the  preceding  paragraph  the  largest  deviation  of 
any  laboratory  using  the  direct-comparison  method  from  the 
mean  value  for  the  three  laboratories  was  i  per  cent,  and,  as  already 
stated,  the  deviations  from  the  mean  would  probably  be  lessened 
if  the  readings  of  a  larger  number  of  observers  in  each  laboratory 
should  be  taken.  On  the  other  hand,  the  values  obtained  with  the 
flicker  photometer  in  two  dift'erent  laboratories  and  with  no  stric- 
tures on  account  of  the  limited  number  of  observers  are,  on  the 
average,  about  2 . 5  per  cent  different  from  the  mean  value  found 
by  the  other  method.  The  direction  of  the  difference  is  such  as 
to  indicate  that  the  less  refrangible  end  of  the  spectrum  is  given 
relatively  more  weight  in  the  flicker  method,  so  that  the  rela- 
tive candle-power  of  a  lamp  at  any  temperature  in  terms  of  its 
candle-power  at  a  lower  temperature  is  found  to  be  smaller  than 
that  obtained  by  the  method  of  direct  comparison. 

It  is  true  that  with  the  method  of  flicker  photometry  employed 
certain  limitations  with  regard  to  size  of  field  were  prescribed 
which,  it  might  be  argued,  account,  at  least  in  part,  for  the  observed 
difference,  but  other  data  are  available  which  would  seem  to  vitiate 
this  explanation  as  a  complete  one.  Luckiesh'  performed  an  experi- 
ment in  which  two  fields,  one  red  and  the  other  blue-green,  were 
compared  by  both  the  flicker  and  the  direct-comparison  methods, 
using  the  same  apparatus.  He  found  for  his  eye  that  the  ratio 
blue-green  to  red  was  very  much  larger  (50  to  100  per  cent)  with 
the  direct-comparison  method  as  compared  with  that  obtained 
with  the  flicker  method. 

The  recent  elaborate  investigation  by  Coblentz  and  Emerson^ 
on  visibility  also  indicates  relatively  greater  blue  sensibility  in  the 
method  of  direct  comparison,  but  strangely  the  results  of  Ives^  and 
of  Coblentz  and  Emerson  are  at  variance  in  one  very  important 
aspect.     Whereas  the  data  of  Coblentz  and  Emerson  show  that  the 

'  Electrical  World,  61,  620  and  S35,  1913.      .      ^  Loc.  cit.  ^  Loc.  oil. 
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\-i5ibility-curve  obtained  with  the  method  of  direct  comparison 
is  somewhat  broader  and  flatter  than  the  corresponding  curve 
obtained  with  the  flicker  method,  the  data  of  Ives  point  to  the 
opposite  conclusion — a  result  markedly  indicated  by  the  experi- 
mental data  to  be  presented  later  in  this  paper.  The  importance 
of  this  dift'erence  lies  in  its  eft'ect  on  the  resultant  computed  value 
for  the  mechanical  equivalent  of  light,  since  a  difference  in  the  area 
of  the  \asibinty-curve  aft'ects  directly  the  value  of  this  important 
constant. 

In  view  of  the  foregoing  considerations  it  would  seem  to  the 
authors  that  somew^hat  different  answers  must  be  given  to  the  two 
questions  raised  above  from  those  which  the  advocates  of  the 
method  of  flicker  photometry  are  urging.  WTiatever  may  be 
the  uncertainties  in  determining  the  average  visibility-curA'e  by 
the  method  of  direct  comparison  fa  question  on  which  the  authors 
will  later  adduce  evidence),  there  is  much  reason  to  believe  that 
for  those  color-dift"erences  which  are  commonly  encountered  in 
practical  photometry  the  method  of  direct  comparison  may  be 
used  with  reasonable  contidence.  And  secondly,  the  e\-idence 
available  seems  to  show  that  the  flicker  method,  as  commonly 
employed,  does  not  3'ield  results  consistent  with  those  obtained 
by  the  older  method,  and  that  the  differences  between  the  two  are 
sufliciently  pronounced  to  manifest  themselves  both  in  the  ordinary 
heterochromatic  measurements  of  practical  photometry  and  in  the 
curves  of  visibility  obtained  by  the  two  methods. 

Before  describing  the  method  and  presenting  the  results  of 
the  present  investigation  the  authors  wish  to  point  out  that  the 
dominant  thought  in  the  investigation  was  to  reproduce  in  the 
determination  of  visibility  the  conditions  obtaining  in  ordinary 
photometry  and  to  pay  no  special  attention  to  some  of  the  minor 
conditions  which  might  have  been  imposed  as  a  result  of  the  recent 
investigations  on  the  subject.  Thus  no  attempt  was  made  to 
keep  the  illumination  constant,  and  so  the  brightness  at  the  ends 
of  the  spectrum  was  much  lower  than  that  in  the  more  luminous 
regions.  At  0.5//  the  brightness  of  the  Lummer-Brodhun  cube 
was  approximately  o.ooi  candles  per  cm^  at  0.56JU  it  was  0.005 
candles  per  cm^,  and  at  o .  65 ^l  it  was  o . 003  candles  per  cm^     These 
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brightnesses  correspond  approximately  to  illuminations  of  a  per- 
fectly reflecting,  perfectly  diffusing  surface  of  30,  150,  and  90  meter 
candles.  Since  an  artificial  pupil  of  0.6  mm^  was  employed,  the 
illumination  intensities  of  the  retina  would  be  somewhat  smaller 
than  those  corresponding  to  the  same  objectiv^e  brightnesses  in 
practical  photometry.  It  is  seen  that  everywhere  over  the  range 
of  wave-length  investigated  the  brightness  was  reasonably  high 
and  probably  beyond  that  of  the  Purkinje  region  except  possibly 
at  the  extreme  blue  end  of  the  spectrum.  Moreover,  the  authors 
do  not  think  the  evidence  at  present  available  sufficient  to  justify 
the  conclusion  that  the  visibility-curve  obtained  under  the  condi- 
tions of  equal  brightness  is  to  be  preferred  to  that  obtained  under 
the  normal  conditions  of  a  dispersed  spectrum,  granted  the  two  are 
different. 

APPARATUS   AND   METHOD 

The  distinguishing  characteristics  of  the  present  investigation, 
apart  from  the  employment  of  the  method  of  direct  comparison 
under  conditions  with  respect  to  size  of  field,  etc.,  obtaining  in 
ordinary  photometric  practice,  are  to  be  found  in  the  use  of  the 
step-by-step  method  and  in  the  determination  of  the  distribution 
of  energy  in  the  spectrum.  The  step-by-step  method  has  been 
employed  before,  as  in  an  experiment  by  Ives,^  but  to  the  best 
of  the  authors'  knowledge  this  method  has  not  been  used  in  any 
extended  investigation  with  a  large  number  of  observers.  The 
steps  were  chosen  so  small  (varying  from  o .  005  2  ^  in  the  red 
[X  =  o.66iu]  to  0.002 2 /x  in  the  blue  [X  =  0.5^1])  that  on  the  basis  of 
Steindler's^  data  the  interval  everywhere  throughout  the  spec- 
trum would  be  less  than  that  corresponding  to  the  limen  of  hue- 
discrimination.  It  was  subsequently  found,  when  the  apparatus 
had  been  constructed  and  the  experiment  begun,  that  the  step 
was  still  too  large  to  eliminate  all  hue-differences,  though  these 
differences  were  relatively  small  in  magnitude.  As  it  was,  some 
fifty  steps  were  required  to  span  the  range  of  spectrum  studied, 
though  the  method  of  investigation  was  such  as  to  avoid  the  neces- 
sity of  actually  making  so  many  measurements. 

'  Loc.  cit.  ^  Wiener  SitzHngsberichtc  (Ila),  115,  i,  igo6. 
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The  evaluation  of  the  spectral  energy  was  founded  on  the 
determination  of  the  color-temperature  of  the  source.  The  color- 
temperature  is  the  temperature  of  a  black  body  having  the  same  dis- 
tribution of  energy  in  the  visible  spectrum  as  the  source  employed. 
By  means  of  Planck's  equation  the  energy-distribution  was  com- 
puted and,  allowing  for  dispersion  and  absorption  by  the  optical 
system  and  for  scattering,  the  relative  energy  entering  the  eye 
in  the  different  parts  of  the  spectrum  was  readily  determined.  In 
the  opinion  of  the  authors  this  method  has  much  to  commend  it 


Fig.  I. — Diagram  of  apparatus 


over  the  very  difficult  and  uncertain  method  of  attempting  to 
measure  directly  the  energy  at  the  eye-sht. 

The  apparatus  employed  (Fig.  i)  consisted  of  a  tungsten  lamp 
D,  whose  broad,  flat  filament  was  focused  by  means  of  the  projec- 
tion lens  E  on  the  slit  yl  of  a  Lummer-Brodhun  spectrophotometer, 
having  the  absorption  strips  removed  from  the  Lummer-Brodhun 
prism  so  that  the  settings  were  made  on  the  basis  of  equal  bright- 
ness rather  than  on  that  of  equal  contrast.  The  comparison  field 
was  obtained  from  a  second  tungsten  lamp  F,  the  settings  being 
made  by  means  of  the  special  variable  rotating  sectored  disk  C.^ 
A  low-power  eyepiece  B  was  employed  in  order  to  facilitate  fixa- 
tion upon  the  diagonal  surface  of  the  Lummer-Brodhun  cube  where 
are  located  the  two  fields  to  be  compared. 

'  Astrophysical  Journal,  35,  237,  191 2. 
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The  slit  A  was  specially  designed  so  that  it  could  be  moved 
sidewise  a  definite  fixed  amount,  0.15  mm,  thus  providing  the 
means  of  securing  a  small  shift  of  one  spectrum  with  respect  to  the 
other.  The  amount  of  this  shift,  expressed  in  wave-lengths  and 
differing  slightly  in  magnitude  from  one  part  of  the  spectrum  to 
another,  was  determined  very  carefully  in  several  different  ways. 

The  test  lamp  D  was  operated  at  a  color-temperature  of  2045°  K 
maintained  constant  throughout  the  experiments.  It  was  so 
mounted  that  it  could  be  moved  with  the  slit.     In  this  wav  the 
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Fig.  2. — Corrections  for  stray  light  and  selective  transmission  of  optical  system. 
A,  selective  transmission  of  optical  system;  B,  luminosity  of  stray  light  at  wave- 
lengths shown,  in  percentage  of  total  luminosity  at  the  corresponding  wave-lengths. 

same  portion  of  the  broad  filament  was  always  focused  on  the  slit, 
and  consequently  there  was  no  alteration  in  radiation  passing 
through  it.  The  width  of  the  slit  A  was  o.  i  mm  and  that  of  the 
ocular  slit  0.2  mm,  being  thus  so  small  as  to  produce  an  error  of 
only  a  fraction  of  i  per  cent  owing  to  the  impurity  of  the  spectrum.' 
Of  course  it  was  necessary  to  allow  for  the  dispersion  of  the  prism 
in  computing  the  energy-distribution  at  the  eyepiece,  and  to  cor- 
rect for  stray  light  and  for  the  selective  absorption  of  the  complete 
optical  system. 

These  corrections  are  shown  in  Fig.  2.  The  stray  light  was 
evaluated  through  the  use  of  color-screens  placed  in  front  of  the 
eyepiece  slit,  and  was  determined  directly  in  units  of  luminosity 
rather  than  of  energy.     It  is  seen  to  be  a  relatively  small  correc- 

^  Astrophysical  Journal,  35,  237,  1912. 
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tion  factor.  The  selective  absorption  of  the  optical  system  was 
obtained  through  the  aid  of  a  spectral  pyrometer  and  was  deter- 
mined in  two  different  ways  yielding  consistent  results. 

In  carrying  out  the  main  experiment  the  method  employed 
consisted  in  placing  the  slit  A  in  its  middle  or  normal  position 
and  varying  the  voltage  of  the  comparison  source  F  until  the 
relative  brightnesses  of  the  two  photometric  fields  were  approxi- 
mately the  same  throughout  the  spectrum.  Then  a  set  of  measure- 
ments was  made  of  the  relative  brightnesses  at  eighteen  different 
wave-lengths  distributed  at  approximately  equal  wave-length 
intervals  from  0.5/1  to  0.66  /jl,  the  range  of  wave-lengths  studied. 
Then  the  slit  A  was  displaced  laterally  by  the  predetermined  fixed 
amount  and  the  same  set  of  measurements  repeated.     If 

is  the  observed  ratio  of  the  luminosity  {L' ki  of  the  comparison  field 
at  the  wave-length  X  to  that  (La)  of  the  test  field  at  the  same 
wave-length  (as  determined  by  the  first  experiment),  and 


i?,= 


A  +  AA 


is  the  observed  ratio  of  the  luminosity  {L' k)  of  the  comparison 
field  at  the  wave-length  X  to  that  (La.+aa)  of  the  test  field  at  the 
wave-length  X+AX  (as  determined  by  the  second  experiment, 
when  the  slit  A  has  been  shifted  an  amount  corresponding  to  AX) , 
then  the  ratio 

T?    —       ^^ 
Kk  —  j 

-t>A  +  AA 

of  the  two  luminosities  of  the  test  field  at  the  wave-lengths  X  and 
X+AX  is  seen  to  equal  R,  R,.  and  so  is  determinable  from  the  two 
sets  of  measurements. 

If  now  these  experimentally  determined  values  of  R\  at  the 
eighteen  points  throughout  the  spectrum  are  plotted  against  the  cor- 
responding wave-lengths,  a  cur\'e  may  be  drawn  giving  the  value 
of  Rk  for  the  inter^-al  AX  for  every  wave-length.  Then  start- 
ing at  one  end  of  the  spectrum  and   proceeding  by  successive 
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intervals  AX  (differing  slightly  in  different  parts  of  the  spectrum, 
as  previously  determined),  the  relative  luminosity-curve  of  the 
test  field  for  the  observer  making  the  measurements  is  computed 
by  multiplying  the  observed  ratio  i?A.  corresponding  to  the  interval 
AjX  by  the  ratio  R\,  corresponding  to  the  next  interval  A^X,  and  this 
product  in  turn  by  Rx,  corresponding  to  the  next  interval,  and  so 
on  until  the  other  end  of  the  spectrum  has  been  reached,  plotting 
the  value  of  the  product  at  each  successive  step  as  the  relative 
luminosity  of  the  test  field  at  the  corresponding  wave-length. 

It  is  evident  that  since  the  number  of  these  steps  is  determined 
by  the  magnitude  of  the  displacement  of  the  slit  A  this  quantity 
must  be  known  with  accuracy.  The  uncertainty  in  the  value  of 
this  quantity  is  so  small  as  to  produce  a  probable  error  in  the  final 
luminosity-curve  of  not  more  than  3  or  4  per  cent,  which  is  less 
than  uncertainties  arising  from  other  sources. 

Each  of  twenty-nine  observers,  most  of  whom  were  experi- 
enced in  photometric  measurements,  made  at  least  two  inde- 
pendent sets  of  determinations  by  this  method,  and  the  average  of 
the  several  sets  of  any  observer  was  taken  as  giving  his  luminosity- 
curve  for  the  energy-distribution  employed.  Some  observers  ob- 
tained remarkably  consistent  results  (within  3  or  4  per  cent)  in 
their  independent  sets  of  measurements,  while  others  showed 
differences  several  times  as  large. 

The  twenty-nine  luminosity-curves  thus  obtained  were  then 
averaged,  employing  a  method  of  averaging  somewhat  dift'erent 
from  either  of  the  two  methods  that  have  been  used  in  other  recent 
investigations.  The  luminosity-curves  were  all  reduced  to  the 
same  area  and  then  the  ordinates  averaged  at  each  wave-length, 
taken  in  steps  of  o.oi  ju-  This  method  would  seem,  in  the  judg- 
ment of  the  authors,  to  have  a  better  theoretical  basis  than  that  of 
averaging  the  ordinates  of  the  individual  visibility-curves  reduced 
to  the  same  area,  or  that  of  averaging  the  ordinates  of  the  individual 
visibility-curves  reduced  so  that  the  maximum  ordinate  of  each  is 
unity. 

The  reason  for  the  adoption  of  this  method  is  as  follows:  The 
integral  luminous  flux  from  a  source  at  any  given  color-temperature 
should  be  assumed  to  be  the  same  for  all  observers,  and  the  weight 


i 


THE  VISIBILITY  OF  RADIATION  .  75 

assigned  to  the  luminosity  in  any  region  of  the  spectrum  for  any 
observer  should  be  determined  on  the  basis  of  equal  total  luminous 
flux  for  that  color-temperature.  This  weighting  would  of  course 
be  different  for  different  energy-distributions  corresponding  to 
various  color- temperatures  of  the  source,  but  if  some  average 
temperature  is  taken  the  resultant  average  visibility-curves  will  be 
entirely  correct  for  that  temperature  and  only  slightly  in  error 
for  other  temperatures,  since  the  range  of  color-temperature  en- 
countered in  practical  photometry  is  relatively  small.  Theoreti- 
cally it  is  preferable  to  choose  as  the  standard  color-temperature 
that  of  the  carbon  lamps  adopted  as  the  representative  standards 
of  luminous  intensity,  but  since  the  color-temperature  of  the  source 
employed  in  the  present  investigation  is  so  nearly  that  of  the  stand- 
ard carbon  lamps  (2077°  K),  the  results  are  practically  the  same 
as  those  which  would  have  been  obtained  had  correction  been 
made  to  the  latter.  The  color-temperature  which  we  have  taken 
is  2045°  ^-  th^t  of  the  test  lamp  D,  or  more  accurately  a  slightly 
higher  temperature  corresponding  to  the  actual  distribution  of 
energy  at  the  ocular  slit,  which  is  slightly  different  from  that  of 
the  source,  owing  to  scattered  light  and  selective  absorption  of  the 
optical  system.  The  same  assumption  probably  underlies  the 
method  of  averaging  the  individual  visibility-curves  reduced  to 
the  same  area,  but  this  corresponds  to  an  equal  energy-distribution 
throughout  the  spectrum  and  so  lies  entirely  outside  the  range  of 
experience. 

The  method  of  reducing  the  various  individual  visibilit}'-curves 
to  the  same  value  of  maximum  ordinate  would  seem  to  have  no 
theoretical  foundation  and  must  be  judged  by  its  results.  For  the 
twenty-nine  curves  obtained  in  the  present  investigation  it  was 
found  that  this  method  of  averaging  yielded  an  average  visibility- 
curve  differing  by  many  per  cent  at  some  wave-lengths  from  the 
curve  obtained  by  the  more  rigorous  method  employed.  As  a 
matter  of  interest  the  observations  of  Coblentz  and  Emerson,  who 
reduced  the  visibility-curves  to  equal  maximum  ordinates,  were 
worked  up  by  the  more  rigorous  method,  and  the  results  showed  an 
average  visibility-curs^  sensibly  the  same  as  that  derived  by  the 
other  method.     Coblentz  and  Emerson  justified  their  method  on 
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the  ground  of  the  large  number  of  observers,  and  their  conclusions 
were  evidently  warranted,  but  comparisons  of  individuals  or  of 
small  groups  taken  from  their  one  hundred  and  twenty-five  ob- 
servers would  be  subject  to  possible  error  unless  the  more  rigorous 
method  of  averaging  were  employed. 

EXPERIMENTAL   RESULTS 

The  relative  visibility  data  for  the  twenty-nine  individual 
observers  are  given  in  Table  I.  These  data  are  reduced  on  the 
basis  of  equal  areas  of  the  luminosity-curves  for  the  chosen  color- 
temperature  (approximately  2045°  K).  The  relative  average 
visibility  data  for  the  twenty-nine  observers,  obtained  on  this 
basis,  and  also  the  average  values  obtained  on  the  basis  of  equal 
value  (unity)  for  the  maximum  ordinate  of  each  visibility-curve 
are  included.  The  former  are  also  given  in  Table  II  and  Fig.  3, 
where  for  purposes  of  comparison  the  published  results  of  the  recent 
investigations  of  Ives,  Nutting,  Coblentz  and  Emerson,  and  Reeves/ 
all  obtained  by  the  flicker  method,  are  also  included.  With  the 
exception  of  the  data  of  Reeves,-  which  for  some  unknown  reason 
dift'er  largely  from  the  other  data  obtained  by  the  flicker  method, 
it  is  seen  that  the  visibility-curve  given  by  the  authors  and  obtained 
by  the  method  of  direct  comparison  is  relatively  narrower  and 
more  suppressed  in  the  red  end  of  the  spectrum  than  the  curves 
obtained  with  the  flicker  photometer.  Nutting's  curve  most 
nearly  agrees  with  that  of  the  authors,  and  if  his  original  pub- 
lished data  had  been  used  instead  of  his  modified  data,  based  on  a 
more  recent  determination  of  the  energy-distribution  in  the  spec- 
trum of  his  acetylene-flame  source,  the  agreement  would  have 
been  even  better  and  well  within  the  experimental  errors. 

From  Fig.  3  the  wave-length  of  maximum  visibility  may  be 
taken  to  be  0.556  n  in  the  present  investigation  as  compared  with 
0.557  M  found  by  Coblentz  and  Emerson,  but  the  authors  feel  that 

'  Trans.  Ilium.  Eng.  Soc.  (U.S.),  13,  loi,  1918. 

^  The  data  of  Reeves  are  reduced  to  the  same  basis  of  energy-distribution  for  the 
acetylene  flame  as  that  employed  by  Nutting  in  his  final  corrected  values  (kindly 
furnished  by  Dr.  Nutting),  since  this  acetylene-flame  source  was  the  same  as  that  used 
by  Nutting.  The  energy-distribution  for  this  flame  was  determined  by  Coblentz  and 
found  to  be  the  same  as  that  published  by  Coblentz  in  his  paper  of  1916  on  the  subject. 
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this  value  is  uncertain  by  0.003  M-  owing  to  the  hmitations  involved 
in  drawing  the  curv^e.  The  question  naturally  arises  whether  the 
twenty-nine   observers   of   the  present  investigation   represent   a 


TABLE  I 

Relative- Visibility  Data  for   Twexty-xixe  Observers   Reduced   to   Equal 

Areas  of  the  Wave-Length  Luminosity- Curves  for  the  Chosex 

Color-Temperature  (Approximately  2045°  K) 


RELATI\T:-VlSIBrLITy  D.\TA 

Wave- 

Lengti 

[ 

E.P.H. 

F.E.C. 

R.G.B. 

C.F.S. 

I.W. 

M.L. 

A\".W 

W.E.F. 

A.G.W. 

0.50. . 

316 

236 

393 

242 

324 

413 

237 

193 

132 

0.51.  . 

•   526 

417 

641 

406 

502 

642 

418 

353 

236 

0.52. . 

■   758 

619 

921 

581 

658 

846 

600 

533 

355 

0-53-  • 

911 

805 

1 143 

722 

787 

1004 

736 

699 

469 

0.54- ■ 

•   977 

973 

1315 

830 

907 

1121 

840 

831 

580 

0-55-  ■ 

975 

1054 

1341 

870 

972 

1145 

880 

889 

651 

0.56.  . 

■   952 

1085 

1276 

894 

1004 

II 24 

898 

922 

710 

0.57-  • 

•   895 

1030 

1103 

882 

980 

1032 

881 

908 

741 

0.58.. 

810 

914 

877 

840 

907 

887 

834 

856 

748 

0.59.  . 

•   705 

760 

652 

768 

782 

708 

759 

770 

727 

0 .  60 .  . 

•   591 

596 

464 

666 

625 

534 

652 

659 

678 

0.61 . . 

■   472 

446 

314 

541 

467 

384 

528 

531 

607 

0.62.  . 

■   356 

318 

207 

407 

331 

265 

399 

399 

514 

0 .  63  .  . 

254 

217 

132 

285 

224 

175 

283 

283 

409 

0 .  64 .  . 

166 

138 

80 

181 

143 

108 

185 

184 

302 

0.  65.  . 

•   103 

84 

47 

108 

88 

64 

114 

114 

205 

0.66. . 

57 

46 

25 

57 

50 

34 

64 

63 

119 

Relativ 

E-VlSIBILI 

TY  DaT.\ 

Wave- 

Lengtb 

P.W.C. 

W.W.K. 

C.N. 

P.F.S. 

E.J.E. 

H.H.K. 

G.H.M. 

H.O. 

X.L. 

0.50. . 

•   225 

407 

435 

407 

297 

396 

324 

488 

242 

0.51.  . 

•  35^^ 

659 

670 

623 

473 

615 

463 

731 

377 

0.52.  . 

■       478 

922 

866 

826 

660 

819 

594 

931 

512 

0.53-  • 

■   597 

1 1 26 

1021 

993 

814 

981 

706 

1061 

624 

0.54- • 

.   712 

1255 

1134 

1092  - 

932 

1105 

808 

1118 

721 

0-55-  ■ 

•   784 

1244 

1137 

1073 

974 

1128 

852 

1090 

772 

0.56.  . 

■   843 

1162 

1086 

1007 

992 

1093 

880 

1033 

805 

0.57-  ■ 

■   856 

1022 

986 

.  909 

961 

1004 

874 

939 

803 

0.58. . 

.   822 

857 

854 

803 

877 

877 

835 

828 

774 

0.59.  . 

750 

681 

704 

691 

752 

721 

761 

697 

720 

0.  60.  . 

.   660 

514 

550 

568 

607 

558 

647 

553 

643 

0. 61 .  . 

559 

362 

405 

439 

466 

404 

515 

412 

555 

0.62. . 

•   448 

240 

279 

319 

344 

278 

383 

287 

455 

0 ,  63  .  . 

•  333 

152 

182 

220 

241 

183 

270 

190 

348 

0 .  64 .  . 

.       226 

89 

109 

138 

156 

112 

177 

115 

247 

0.65. . 

143 

51 

62 

83 

97 

66 

III 

67 

164 

0.66. . 

81 

26 

32 

44 

54 

36 

63 

35 

97 
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TABLE  I — Continued 


Wave- 
length 


Relative-Visibility  Data 


T.P. 


C.F.K. 


E.T.F. 

K.H.M. 

A.F.B. 

I.A.V. 

223 

407 

187 

561 

378 

610 

298 

757 

553 

808 

428 

914 

729 

980 

561 

lOII 

884 

1093 

694 

1078 

956 

1 1 26 

778 

1063 

990 

1127 

851 

1015 

•965 

1055 

881 

930 

892 

917 

862 

825 

775 

735 

795 

700 

637 

550 

689 

561 

497 

386 

566 

421 

366 

260 

440 

297 

254 

169 

322 

197 

162 

103 

216 

121 

97 

62 

135 

71 

51 

34 

74 

37 

G.B. 


0.50 
0-5I 
0.52 
0-53 
0.54 
0-55 
0.56 

0.57 
0.58 

0-59 
0.60 
0.61 
0.62 
0.63 
0.64 
0.65 
0.66 


206 
364 
532 
654 
738 


799 
774 
723 
649 
560 
456 
347 
243 
159 
90 


471 
708 
936 
1081 
1192 
1218 
1 196 
1093 

933 
729 

523 
344 
212 
124 
67 

35 
16 


324 

526 

366 
560 

729 

910 
1040 
1056 

727 
863 
958 
978 

1027 

956 
857 

975 
931 
849 

731 

729 

591 

447 

591 
456 

319 

217 

337 
238 

137 

158 

82 

.101 

45 


60 


435 
599 
726 

844 

965 

ioi6 

1032 

994 
909 
770 
606 

444 
306 
202 
124 

73 
40 


Wave-Length 


Relative-Visibility  Data 


O.B. 


L.W.H. 


Average 


Same  in  Terms  of 

Maximum  Taken 

as  Unity 


Average  on  a 

Different  Basis 

(See  Text) 


0.50 

0.51 
0.52 

053 
0-54 
0-55 
0.56 

0.57 
0.58 

0.59 
0.60 
0.61 
0.62 
0.63 
0.64 
0.65 
0.66 


424 

675 

895 

1030 

1091 

1078 

1034 

953 

848 

716 

568 

420 

291 

192 

117 

68 

36 


206 
333 
484 
667 
861 
964 
1007 

979 
901 

784 
645 
502 
370 
258 
166 

lOI 

54 


328 

514 
697 
846 
967 
995 
994 
943 
854 
734 
599 
464 
341 
238 
154 
95 


328 

515 
698 

847 
968 
996 
995 
944 
855 
735 
600 
464 

341 
238 

154 
95 

52 


322 

507 
690 

839 
954 
992 

995 
953 
868 

751 
617 

483 
358 
252 
164 
102 
S6 


fairly  average  eye.  It  is  possible  through  the  medium  of  the 
results  of  the  interlaboratory  comparison  of  Middlekauff  and 
Skogland,  referred  to  previously,  to  compare  the  twenty-nine 
observers  here  with  the  one  hundred  and  twenty-five  observers 
employed  in  the  investigation  of  Coblentz  and  Emerson.     The 
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live  observ'ers  of  this  laboratory  who  determined  the  ratio  of  candle- 
power  of  the  tungsten  lamps  at  132  and  72  volts,  respectively, 
were  all  included  in  the  present  investigation,  and  computations 
show  that  for  the  foregoing  candle-power  ratio  (i.e.,  for  the  cor- 
responding color-difference)  the  twenty-nine  observers  would 
obtain  a  ratio  0.5  per  cent  less  than  that  obtained  by  the  five 

TABLE  II 

COMPARATR'E   ReLATIVE-ViSIBILITY  DaTA   OF   VARIOUS   INVESTIGATORS 


Wave-Levgth 


50 
51 
52 
S3 
54 
55 
56 
57 
58 
59 
60 
61 
62 

63 
64 

65 
66 


Relative-Visibility  Data 


Hyde 

Forsythe 
Cady 


328 

515 
698 

847 
968 
996 
995 
944 
855 
735 
600 
464 

341 
238 

154 
095 


Ives 

Kingsbury 


318 
473 
637 
801 

915 
988 
996 
947 
859 
758 
653 
534 
396 
283 
183 
no 
068 


Nutting 


314 
456 
646 

815 
925 
986 

995 
949 
871 
762 
634 
498 
368 
268 
166 

105 
058 


Coblentz 
Emerson 


Reeves 


316 

503 
710 
862 
954 
994 
998 
968 
898 
800 
687 

557 
427 
302 
194 
115 
0645 


474 
686 
841 
935 
993 
985 
935 
836 
710 
580 
446 

319 
214 
140 


observ^ers.  Similarly,  taking  the  observers  at  the  Bureau  of 
Standards  who  participated  in  both  investigations,  computations 
show  that  the  one  hundred  and  twenty-live  observers  would  obtain 
a  ratio  possibly  0.2  or  0.3  per  cent  greater  than  that  obtained  by 
the  eight  observers  who  were  employed  in  the  measurements  of 
Middlekauff  and  Skogland.  Since,  according  to  the  report  of 
this  interlaboratory  comparison,  Xela  Research  Laboratory  ob- 
tained a  ratio  i .  9  per  cent  greater  than  that  obtained  at  the  Bureau, 
it  would  follow  that  the  twenty-nine  observers  here  would  have 
obtained  a  ratio  only  1.2  or  i .  i  per  cent  greater  than  the  one 
hundred  and  twenty-five  observers  used  in  the  investigation  of 
Coblentz  and  Emerson. 
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This  difference  is  so  small,  considering  the  unsatisfactory  way 
in  which  the  comparison  was  carried  out,  that  it  would  be  unsafe  to 
draw  any  conclusion  except  that,  so  far  as  can  be  ascertained,  the 
twenty-nine  observers  employed  in  the  present  investigation  do 
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Fig.  3. — Relative  average  visibility  data  obtained  in  present  investigation  by  the 
direct-comparison  method  as  compared  with  published  data  of  other  investigators 
using  the  method  of  flicker  photometry'. 


not  differ  materially  in "  the  average  from  the  one  hundred  and 
twenty-five  observers  used  in  the  investigation  of  Coblentz  and 
Emerson.  The  comparison  would  seem  to  indicate,  however,  as 
intimated  in  an  earlier  paragraph,  that  the  differences  found  by 
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Middlekauff  and  Skogland  among  the  various  laboratories  would 
probably  have  been  somewhat  smaller  had  a  larger  number  of 
observers  been  employed  in  each  laboratory. 

The  significance  of  the  dift'erence  between  the  visibility-curv'e 
obtained  in  the  present  investigation  using  the  method  of  direct 
comparison  and  those  obtained  with  the  flicker  method  lies  to  some 
extent  in  the  greater  consistency  of  the  results  following  the  appli- 
cation of  the  former  in  computing  relative  candle-powers  of  a  source 
at  two  widely  different  temperatures,  but  in  large  part  in  the  dis- 
tinctly smaller  value  of  the  mechanical  equivalent  of  light  which 
results  from  the  use  of  the  curve  obtained  by  the  method  of  direct 
comparison.  As  will  be  presented  in  a  subsequent  paper,  the 
experimental  values  for  the  brightness  of  a  black  body  at  different 
temperatures  are  slightly  more  concordant  with  the  computed 
values  if  the  visibility-cur\'e  obtained  here  is  used  than  with  the 
results  computed  on  the  basis  of  the  flicker-photometer  visibility- 
curve,  the  latter  giving  relatively  too  much  weight  to  the  red  end 
of  the  spectrum.  And  consequently  the  values  of  the  mechanical 
equivalent  of  light  computed  from  the  brightnesses  of  the  black 
body  at  difl'erent  temperatures  will  agree  among  themselves  if  the 
visibility-curve  obtained  by  the  direct-comparison  method  is 
assumed,  whereas  this  will  not  otherwise  be  true.  These  data  will 
also  be  presented  in  the  subsequent  paper  on  the  subject. 

The  considerations  and  data  presented  in  this  paper  argue  for 
the  adherence  to  the  older  method  of  direct-comparison  photom- 
etry in  all  ordinary  practical  work.  As  a  means  of  avoiding  the 
necessary  difficulties  in  heterochromatic  photometry  in  practice 
the  authors  refer  to  the  proposal  made  years  ago'  that  suitable 
color-screens  be  calibrated  at  the  Bureau  of  Standards  and  dis- 
tributed for  use  in  photometric  laboratories,  so  that  comparisons 
involving  large  differences  in  color  may  be  avoided  in  all  except 
standardizing  laboratories.  It  is  true,  however,  that  the  results 
obtained  with  the  flicker  photometer  are  more  consistent  even  over 
the  comparatively  small  color  intervals  encountered  in  practical 
photometry,  and  the  conditions  of  use  have  been  thoroughly 
standardized,  so  that  this  instrument  may  find  valuable  application, 

'  Electrical  World,  54,  195,  1909. 
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particularly  in  a  standardizing  laboratory.  But  in  the  opinion  of 
the  authors  the  flicker  scale  should  not  supplant  that  of  direct  com- 
parison, and  consequently  the  visibility-curve  obtained  by  the 
direct-comparison  method  should  be  used  in  computing  luminosity- 
curves  and  relative  candle-powers.  Especially  should  the  visibility- 
curve  obtained  by  the  method  of  direct  comparison  be  used  in  the 
computation  of  the  mechanical  equivalent  of  light,  in  which  its 
difference  from  that  obtained  by  the  flicker  method  is  shown  in 
the  most  pronounced  way. 

SUMMARY 

1 .  In  ordinary  photometric  comparisons  involving  difference  of 
color  the  older  method  of  direct  comparison  is  adequate  if  a  suffl- 
cient  number  of  observers  is  employed  to  secure  a  fairly  average  eye. 

2.  The  relative  candle-power  values  found  for  sources  of  differ- 
ent color  by  the  use  of  the  flicker  photometer  are  appreciably 
different  from  those  obtained  by  the  method  of  direct  comparison. 
The  flicker  photometer  apparently  assigns  too  much  weight  to  the 
red  end  of  the  spectrum. 

3.  The  average  curve  of  relative  visibility  for  twenty-nine 
observers  obtained  by  direct  comparison,  using  a  step-by-step 
method,  is  presented.  Special  attention  is  called  to  the  method 
employed  for  determining  the  distribution  of  energy  at  the  ocular 
sHt. 

4.  The  curve  of  relative  visibility  obtained  by  the  method  of 
direct  comparison  is  found  to  be  definitely  different  from  that 
obtained  by  other  investigators  using  the  flicker  method.  The 
latter  is  somewhat  broader  and  shows  relatively  too  large  values 
in  the  red  end  of  the  spectrum.  Evidence  will  be  presented  in  a 
subsequent  paper  to  show  the  consistency  between  the  newly 
determined  visibiHty-curve  and  the  findings  of  ordinary  photom- 
etry in  the  case  of  the  brightness  of  a  black  body  at  different  tem- 
peratures. 

5.  Recommendation  is  made  of  the  adherence  to  the  older 
photometric  method  of  direct  comparison  in  practical  photom- 
etry, and  of  the  use  of  calibrated  color-filters  to  simphfy  compari- 
sons otherwise  involving  large  difference  in  color. 
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APPENDIX  I 

In  connection  with  the  determination  of  the  effective  wave- 
length of  transmission  of  so-called  monochromatic  red-glass  screens 
used  with  optical  pyrometers  two  of  the  present  authors^  some  time 
ago  described  a  determination  of  the  relative  visibility  of  radiation 
in  the  less  refrangible  end  of  the  spectrum,  using  an  adapted 
form  of  a  spectral  pyrometer.  Owing  to  the  large  field-brightness 
obtainable  with  the  pyrometer  it  was  possible  to  carry  the  measure- 
ments farther  into  the  red  than  had  been  possible  before.  More- 
over, since  the  application  of  the  data  was  to  be  made  under 
conditions  quite  similar  to  those  obtaining  in  their  determination, 
it  seemed  unnecessary  to  enter  into  any  elaborate  discussion  of 
these  conditions  or  to  question  their  applicability. 

Subsequently  L.  W.  Hartman,^  working  in  this  laboratory, 
employed  the  same  method  to  extend  the  relative  visibility  data 
on  the  side  of  short  wave-lengths,  and  incidentally  again  to  furnish 
values  which  might  be  used  in  computing  the  effective  wave-length 
of  blue  pyrometer  glasses. 

It  therefore  seemed  advisable  to  one  of  the  authors,  in  connec- 
tion with  the  present  investigation  as  presented  in  the  body  of 
this  paper,  to  carry  out  a  series  of  determinations  of  relative 
visibility  with  the  pyrometer  method  through  the  central  region 
of  the  visible  spectrum,  thus  connecting  the  previously  published 
data  for  the  red  and  blue  ends  of  the  spectrum.  A  brief  report 
of  the  results  obtained  is  presented  in  this  Appendix. 

The  method  employed  is  identical  with  that  already  described 
in  the  earlier  papers  on  the  subject,  except  that  an  unsaturated 
green-glass  screen  in  front  of  the  eyepiece  was  used  throughout  in 
order  to  reduce  the  large  differences  in  color  and  make  more  con- 
sistent settings  possible.  The  transmission-curve  for  this  screen, 
plotted  in  Fig.  4,  shows  a  considerable  transmission  of  light  through- 
out the  entire  spectral  region  studied. 

In  this .  supplementary  investigation,  as  in  the  principal  one, 
the  method  of  direct  comparison  was  used,  and  the  determination 
of  the  distribution  of  energy  at  the  eyepiece  was  carried  out  in  the 

■    '  Astrophysical  Journal,  42,  285,  1915.  ^  Ibid.,  47,  83,  1918. 
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same  way.     But  in  some  important  aspects  the  conditions  in  the 
two  experiments  were   quite  different.     Thus   the  brightness  in 
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Fig.  4. — Selective  transmission  of  green  glass  employed  in  eyepiece  of  spectral 
pyrometer. 

T.\BLE  III 
Relative  Average-\'isibility  Data  Obtained  by  the  Use  of  a  Spectral 

PYROilETER 

(As  compared  with  that  obtained  in  the  principal  investigation  in  which  the  condi- 
tions, such  as  method  employed,  size  of  field,  etc.,  were  diflferent) 
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the  different  spectral  regions  was  always  the  same  in  the  pyrom- 
eter experiments  f 0.024  candles  per  cm^),  and  the  measurements 
were  made  throughout  against  a  constant  greenish  comparison 
field.     ^loreover,  the  size  of  the  field  was  much  smaller,  though 
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Fig.  5. — Relative  average  visibility  data  obtained  by  the  use  of  a  spectral 
pyrometer  as  compared  with  those  obtained  in  the  principal  investigation  in  which 
the  conditions,  such  as  method  employed,  size  of  field,  etc.,  were  different. 


the  comparison  field  (pyrometer  filament)  was  not  so  small  as  that 
employed  in  the  earlier  investigations  of  the  extreme  red  and  blue 
regions.  The  coUimator  sht  was  0.3  mm,  and  the  ocular  slit  was 
0.12  mm.  Corrections  for  slit-width  were  computed  and  found  to 
be  negligibly  small. 
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Ten  observers  were  employed,  taken  at  random  from  among 
the  twenty-nine  used  in  the  principal  investigation,  and  each 
observer  (with  one  or  two  exceptions)  made  at  least  two  independ- 
ent sets  of  measurements.  The  results,  in  comparison  with  those 
presented  in  the  main  body  of  the  paper,  are  shown  in  Table  III 
and  Fig.  5.  It  is  seen  that  the  curve  is  somewhat  flatter  near  the 
center  and  drops  off  more  rapidly  toward  the  two  ends  of  the 
spectrum.  The  previously  found  visibility  data  in  the  red  and 
blue  ends  of  the  spectrum,  made  by  the  same  method,  fit  nicely 
on  to  the  ends  of  this  curve.  The  previously  obtained  data  in  the 
blue  fit  equally  well  on  to  the  curve  presented  in  the  main  body 
of  this  paper,  but  the  data  for  the  red  end  cannot  be  made  to  fit 
with  any  accuracy. 

This  curve  agrees  more  closely  with  that  found  in  the  principal 
investigation  than  does  any  one  of  the  curves  obtained  with  the 
flicker  method,  and  relative  candle-powers  of  a  black  body  at 
different  temperatures  computed  on  its  assumption  are  reasonably 
satisfactory.  Moreover,  it  conduces  to  approximately  the  same 
value  of  the  mechanical  equivalent  of  light  as  that  calculated  from 
the  other  curve.  But  owing  to  the  inherent  difficulties  encountered 
in  applying  the  pyrometer  method  in  the  middle  region  of  the  spec- 
trum, to  the  difference  between  the  conditions  of  the  experiment 
and  those  of  ordinary  practice,  and  finally  to  the  more  limited 
number  of  observers,  the  authors  do  not  attach  as  much  weight 
to  the  results  as  to  those  presented  in  the  body  of  the  paper,  par- 
ticularly for  application  to  cases  of  ordinary  practical  photometi-y. 

APPENDIX    II 

The  investigation  described  in  the  body  of  the  present  paper 
yielded  a  curve  of  relative  visibility  obtained  by  the  method  of 
direct  comparison  and  extending  from  0.50JU  to  0.66 ijl.  A  knowl- 
edge of  the  curve  over  this  interval  is  sufficient  to  compute  relative 
candle-powers  of  a  black  body  over  a  moderate  range  of  tempera- 
ture, such  as  from  1700°  K  to  2500°  K,  with  errors  amounting  to 
only  a  few  tenths  of  i  per  cent  on  account  of  the  omission  of  the 
ends  of  the  curve  in  the  red  and  blue.  If  larger  ranges  of  tempera- 
ture are  employed,  the  errors  arising  from  this  omission  may  be 


THE  VISIBILITY  OF  RADIATION 


87 


appreciable,  and  at  any  temperature  the  application  of  the  visi- 
bility data  in  computing  the  mechanical  equivalent  of  light  will 
conduce  to  erroneous  values  if  the  luminosities  of  the  two  ends  of 
the  spectrum  are  neglected.  Finally  there  are  problems,  such  as 
the  determination  of  the  effective  wave-length  of  transmission  of 
red-  and  blue-glass  screens  for  use  in  optical  p\Tometry.  in  which  a 
knowledge  of  the  visibility  data  for  the  ends  of  the  spectrum  is 
necessary. 

TABLE  JX 

RELATr\"E -Visibility  Data  for  Entirz  Spectrum 
(As  recommended  by  authors) 
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53 
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59 
60 
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600 
464 
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74 
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0062 

0031 

0015 

00074 

00036 

000  Ig 

00009 

OOOOt 


*  Average  of  10  out  of  the  29  observers. 
t  Average  of  29  observers. 


It  therefore  appeared  to  the  authors  desirable  to  submit  data 
on  relative  ^-isibility  covering  practically  the  entire  visible  spectrum. 
The  most  probable  values  in  the  opinion  of  the  authors  are  con- 
tained in  Table  1\ . 

These  values  from  0.50^1  to  0.64^4  are  precisely  the  same  as 
those  given  in  the  body  of  the  paper.  For  the  red  end  are  chosen 
the  published  data  of  Hyde  and  Forsythe^  brought  into  agreement 
with  the  central  region  of  the  cur\-e  at  0.64^-  This  necessitated 
a  slight  change  of  the  values  at  0.65 /x  and  at  0.66 ^  as  found  in  the 
present  investigation.     For  the  blue  end  the  published  data  of 

'  Loc.  cii. 
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Hartman^  are  chosen  as  the  best.     The  reasons  for  choosing  these 
data  for  the  red  and  blue  ends  are  as  follows : 

1.  They  were  obtained  by  a  direct-comparison  rather  than  by 
a  flicker  method,  even  though  the  size  of  theiield  of  view  was  much 
smaller  than  that  employed  in  the  investigation  of  the  middle  of 
the  spectrum  described  in  the  present  paper. 

2.  They  were  obtained  under  favorable  conditions  as  to  bright- 
ness, and  are  probably  more  free  from  errors  due  to  scattered  light 
and  slit-width  corrections  than  other  published  data. 

3.  They  are  more  definitely  applicable  in  computing  the  trans- 
mitted luminosity  of  optical  pyrometer  screens,  for  which  they 
will  probably  find  their  largest  application,  since  they  were  obtained 
under  the  conditions  which  are  found  in  optical  pyrometry. 

4.  They  will  serve  as  well  as  any  other  values  in  computing 
integral  luminosities  or  the  mechanical  equivalent  of  light,  since 
large  differences  in  the  accepted  visibility  data  in  these  extreme 
regions  of  the  visible  spectrum  produce  negligibly  small  errors. 

Nela  Rese.\rch  Laboratory 

National  Lamp  Works  of  General  Electric  Comp.axy 

Nela  Park,  Cleveland,  Ohio 

May  19 1 8 

'  Loc.  cit. 


STUDIES  BASED  OX  THE  COLORS  AND  MAGNITUDES 
IN  STELLAR  CLUSTERS^ 

SIXTH  PAPER:    OX  THE  DETERAHNATION  OF  THE  DISTANXES 
OF  GLOBULAR  CLUSTERS 

By  HARLOW  SHAPLEY 
I.      INTRODUCTION   AND    SYNOPSIS 

The  derivation  of  parallaxes  for  globular  clusters  will  contribute 
to  several  problems  of  general  astrophysical  interest.  Through  the 
introduction  of  a  linear  scale  we  may  expect  to  learn  much  of  the 
actual  dimensions  of  these  stellar  groups,  and  of  the  relation  to  dis- 
tance from  their  centers,  of  the  luminosity,  mass,  spectrum,  and 
star  density,  and,  eventually,  of  the  internal  motions.  Since  we 
may  also  be  able  to  estimate  at  least  a  lower  limit  for  the  total  mass 
involved  in  each  group,  the  opportunity  is  promising  for  a  contribu- 
tion to  the  rather  meager  supply  of  observed  facts  for  studies  in 
stellar  dynamics.  Further,  a  knowledge  of  the  distances  of  these 
widely  distributed  systems,  and  of  the  highly  luminous  variable 
stars  for  which  paralla.xes  will  be  obtained  in  the  course  of  the  same 
research,  will  add  to  our  conception  of  the  dimensions  of  the  visible 
stellar  universe.  These  problems  are  of  enough  importance  to 
justify  a  considerable  effort  in  the  study  of  the  distances  of  globular 
clusters  and  their  distribution  in  space.  As  direct  measurement 
of  cluster  parallaxes  is  out  of  the  question,  the  procedure  must  be 
by  other  methods,  such  as  those  involving  proper  motions  and 
luminosity  correlations. 

The  range  in  the  absolute  brightness  of  stars  in  many  globular 
clusters  is  now  known  to  exceed  ten  magnitudes,  and  we  have  as 
yet  no  reason  to  believe  that  the  dispersion  of  luminosity  in  any  of 
the  t^-pical  globular  clusters  is  not  strictly  comparable  with  the 
known  dispersion  in  the  general  galactic  system.  Our  ordinary 
investigations  of  cluster  magnitudes,  therefore,  involve  many  stars 
of  relatively  great  luminosity.     Among  these  very  brightest  stars 

'  Coniribuiions  from  the  Mount  Wilson  Solar  Observatory,  No.  151. 
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reddish  Cepheid  variables  of  long  period  frequently  appear,  while 
among  the  stars  two  or  three  magnitudes  fainter  is  found  the  typical 
cluster-type  variable — a  Cepheid  with  a  first-type  spectrum  and 
a  period  less  than  a  day. 

For  some  years  we  have  known  that  the  longer-period  Cepheids 
in  the  galactic  system  are  also  giant  stars,  and  a  casual  examination 
of  their  motions  indicates  a  fairly  small  dispersion  in  actual  lumi- 
nosity. The  possibility  is  at  once  suggested,  therefore,  of  utilizing 
the  motions  of  galactic  Cepheids  to  obtain  a  mean  value  of  the 
absolute  magnitude  of  such  stars,  which,  when  compared  with 
observed  magnitudes  of  analogous  objects  in  globular  clusters,  per- 
mits an  estimate  of  the  distances  of  the  clusters  themselves.  One 
obvious  advantage  of  operating  with  a  group  of  giant  stars  is  that 
in  many  of  the  most  distant  clusters  only  the  stars  of  highest  lumi- 
nosity are  within  reach  of  our  greatest  telescopic  power.  It  is  also 
clearly  of  prime  importance  in  problems  of  this  nature,  which 
involve  faint  stars  and  great  distances,  to  have  reliable  systems 
of  magnitudes  established  and  to  be  able  to  ignore  with  safety  the 
general  scattering  of  light  in  space. 

The  methods  and  results  of  the  investigation  of  cluster  parallax 
will  be  discussed  in  Papers  VI  to  XII,  inclusive,  of  the  series  of 
studies  of  magnitudes  in  clusters.  The  present  discussion  begins 
with  the  derivation  of  a  mean  absolute  magnitude  for  the  isolated 
Cepheids  whose  motions  are  well  determined,  and  then  considers 
the  remarkable  relation  between  the  period  of  variation  and  the 
total  light-emission  of  such  stars.  Examples  of  this  interesting 
correlation,  which  may  perhaps  be  considered  a  fundamental 
law  in  Cepheid  variation,  are  found  among  the  variables  in  no  less 
than  six  different  stellar  organizations  as  well  as  among  the  galactic 
Cepheids.  Combined  with  the  very  homogeneous  and  accordant 
data  derived  from  motions,  it  permits  the  deduction  of  absolute 
magnitudes,  and  hence  of  absolute  distances,  with  a  surprisingly 
small  computed  probable  error.  In  fact,  unless  some  intrinsic  weak- 
ness in  the  procedure  or  some  overlooked  alternative  is  found, 
we  may  believe  that  the  distances  of  the  Cepheid  variables,  and  of 
the  extremely  remote  globular  clusters  in  which  Cepheid  variables 
have  been  studied,  can  be  determined  with  a  percentage  accuracy 
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rarely  excelled  and  usually  unequaled  by  direct  measures  of  the 
nearest  stars. 

Xow  it  happens  that  in  many  globular  clusters  no  variable 
stars  are  as  yet  known;  in  others  the  Cepheids  similar  in  period  to 
those  for  which  motions  are  known  in  the  galactic  system  are  of 
rare  occurrence  compared  with  the  t^^ical  cluster-t}^e  Cepheid 
with  period  less  than  a  day.  We  find,  however,  that  the  median 
magnitude  of  the  t}'pical  cluster-t}'pe  variable  shows  such  an  ex- 
tremely small  dispersion  in  a  given  cluster  that  a  constant  value  can 
be  assumed;  and  when  we  adopt  the  reasonable  and  important 
hypothesis  that  the  equality  of  the  total  light-emission  is  universal 
for  such  variables^  the  corresponding  absolute  median  magnitude 
can  be  accurately  derived  from  the  analysis  of  the  motions,  magni- 
tudes, and  periods  of  the  longer-period  Cepheids.  The  determina- 
tion of  the  parallaxes  of  certain  clusters  then  becomes  a  by-product 
of  the  study  of  their  topical  variable  stars. 

A  further  step  correlates  this  median  magnitude  with  the 
magnitude  of  the  brightest  stars  in  a  cluster.  A  means  is  thus 
afforded  of  computing  distances  of  all  the  clusters  (whether  or  not 
they  contain  known  variables)  for  which  apparent  photographic 
magnitudes  of  the  brightest  stars  are  measured.  Finally,  we  find 
from  the  results  derived  by  the  processes  outlined  above  that  the 
parallax  of  a  cluster  is  very  definitely  related  to  its  angular  diame- 
ter, and  this  yields  a  method  of  obtaining  from  already  available 
photographs  the  distances  of  all  globular  clusters  so  far  discovered. 

In  the  second  article  (the  seventh  paper  of  the  general  series)  the 
individual  distances  of  globular  clusters  are  derived;  their  highly 
significant  distribution  in  space  is  also  discussed,  and  some  compu- 
tations made  of  the  linear  dimensions,  of  the  concentration  of  stars? 
and,  provisionally,  of  the  total  masses  in  cluster  systems. 

The  parallaxes  and  co-ordinates  in  space  of  all  Cepheid  variables, 
for  which  magnitudes  and  periods  are  known,  appear  in  the  eighth 
paper.  The  chief  uncertainty  in  the  results  is  due  to  the  lack  of 
accuracy  and  homogeneity  in  published  values  of  magnitudes.  For 
the  isolated  cluster-t}pe  variables  accurate  values  of  the  period  are 
not  essential  in  deriving  distances,  as  the  dispersion  in  absolute 
magnitude  is  small  for  periods  less  than  a  day. 
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The  next  paper  contains  three  notes  on  certain  theoretical  and 
observational  aspects  of  Cepheid  variation.  An  interpretation  is 
offered  for  some  of  the  results  obtained  in  studying  the  distances  of 
clusters  and  variables,  the  relation  of  color  to  period  is  examined 
observationally  for  cluster-type  variables,  and  a  composite  color- 
curve  is  derived  for  more  than  a  hundred  variable  stars. 

An  inquiry  into  some  problems  of  the  frequency  of  stellar  lumi- 
nosities appears  in  the  tenth  paper.  The  magnitudes  of  several 
thousand  cluster  stars  have  been  measured  for  this  discussion. 
Some  light  is  thrown  on  the  meaning  of  the  median  magnitude  of 
variables,  and  the  propriety  of  its  use  for  parallax  work,  rather  than 
the  use  of  maximum  or  minimum,  is  established. 

The  eleventh  paper  treats  briefly  of  the  distances  and  distribu- 
tion in  space  of  various  objects  and  classes  of  objects.  The  data 
derived  from  clusters  and  variables  is  supplemented  by  the  results 
of  other  investigators  for  dift'erent  types  and  groups  of  stars. 

The  last  article,  summarizing  the  facts  and  indications  of  the 
preceding  papers,  contains  a  preliminary  attempt  to  discern  the 
general  plan  of  the  sidereal  system.  The  arrangement  proposed 
has  its  principal  justification  in  that  it  appears  to  be  a  simple 
interpretation  of  the  new  data  and  at  the  same  time  does  not  seem 
to  be  inconsistent  with  previous  observational  results  bearing  on 
the  structure  of  the  universe. 

In  the  accumulation  of  the  observational  material  for  these 
studies  much  credit  is  due  Miss  Davis  for  the  measurement  of  large 
numbers  of  stars  in  many  difficult  cluster  fields.  She  has  also 
assisted  throughout  in  the  reduction  and  discussion  of  the  observa- 
tions. Mrs.  Shapley  has  collaborated  in  the  treatment  of  most  of 
the  problems  and,  in  particular,  is  responsible  for  large  parts  of  the 
tenth  and  twelfth  papers.  Valuable  assistance  in  the  preparation 
of  the  papers  for  the  press  has  been  given  by  Miss  Connor.  ]Mr. 
Pease  has  freely  permitted  the  use  of  his  long-exposure  cluster 
photographs.  Data  relative  to  parallaxes  have  been  kindly  fur- 
nished by  Mr.  van  Maaneri  and  relative  to  spectroscopic  results  by 
]Mr.  Adams.  Special  acknowledgment  is  due  ]Mr.  Seares  for  many 
valuable  suggestions  and  criticisms  and  for  painstaking  editorial 
supervision  of  the  whole  series  of  cluster  papers. 
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II.      THE  MEAN  ABSOLUTE   MAGNITUDE    OF   CEPHEID   VARIABLES 

Hertzsprung'  and  RusselP  have  computed  the  mean  absolute 
magnitude  of  Cepheid  variables  from  the  proper  motions  given  in 
the  Preliminary  General  Catalogue  of  Boss,  and  the  former  has 
published  his  work  in  some  detail.  With  a  few  corrections  to  the 
observational  data  the  computations  are  now  repeated  and  some- 
what extended.  The  material  is  not  extensive,  and  its  sufficiency 
for  this  problem  might  well  be  questioned  if  it  were  not  for  the 
fortunate  circumstances  that  the  data  are  complete  for  each  star  and 
in  most  respects  homogeneous;  that  no  evidence  of  preferential 
motion  is  found ;  and  that  the  peculiar  motions  of  such  stars,  without 
exception,  are  small  compared  with  their  parallactic  drifts.^  Hertz- 
sprung  tabulates  13  stars,  but  two  of  them  are  not  t\pical  Cepheid 
variables  and  have  been  excluded;'*  no  others  have  sufficiently 
accurate  proper  motions  to  be  added  to  the  list.^ 

Table  I  contains  observational  data  relative  to  the  group  of 
II    Cepheids.     With  the  exception   of  Polaris,   all  are  near   the 

^  AstronomiscJie  Xachrichtcn,  196,  201,  1913;  see  also  Zcitschrift  fiir  wissoischaft- 
liche  Photographie,  5,  94,  107,  1907. 

^Science,  X.S.,  37,  651,  1913. 

3  See  n.  i,  p.  103. 

■•  Both  the  period  and  light-curve  of  k  Pavonis  are  subject  to  considerable  per- 
turbation according  to  Gould  (Cranometria  Argentina,  p.  244,  1879),  and  Roberts  also 
notes  the  star  as  an  exception  to  ordinar}'  Cepheid  variation.  The  light-variation  of  / 
Carinae  is  peculiar;  "an  irregular  and  ill-defined  secondary  maximum  has  frequently 
been  observed"  (Roberts,  Astronomical  Journal,  21,  89,  1901).  .\lbrecht  has  just 
reported  a  variation  in  the  spectrum  of  /  Carinae  from  F8  to  G5  {Popular  Astronomy, 
25,  519,  191 7),  and  it  may  be  the  star  is  not  so  abnormal  as  was  believed  when  the 
computations  for  this  paper  were  made. 

The  tj'pical  Cepheid  characteristics  of  the  eleven  stars  used  are  attested  not 
only  by  their  light-curves,  but  also  in  every  case  by  spectroscopic  study.  We  have 
no  velocity-curves  for  /  Carinae  and  k  Pavonis.  The  inclusion  of  both  in  the  discus- 
sion would  change  the  final  result  by  less  than  its  probable  error.  Including  k  Pavonis 
would  greatly  decrease  the  certainty  of  the  computed  absolute  magnitudes,  though 
not  altering  them  seriously,  while  the  inclusion  of  /  Carinae  alone  would  make  no 
appreciable  difference  in  either  the  result  or  its  probable  error. 

5  The  values  given  by  Perrine  in  Astrophysical  Journal,  41,  308,  1915,  for  Y 
Ophiuchi  and  SZ  Tauri  are  too  uncertain  for  the  present  work.  The  proper  motion  of 
RR  Lyrae,  period  13.5  hours,  is  rightly  e.xcluded;  see  the  eighth  paper  of  this  series, 
"The  Luminosities  and  Distances  of  139  Cepheid  Variables,"  Mt.  Wilson  Contr., 
No.  153,  191 7. 
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galactic  plane;  their  distribution  in  galactic  longitude  is  satis- 
factory. The  median  visual  magnitudes  differ  in  some  instances 
from  those  used  by  Hertzsprung;  the  spectral  t>pes,  taken  mainly 
from  Contribution  No.  124/  are  known  to  be  variable  for  all  but 
two  of  the  stars.  The  proper  motions  have  been  reduced  to  the 
parallactic  system  of  co-ordinates,  v  being  counted  positive  in  the 
direction  of  the  antapex.  Without  further  reduction  the  paral- 
lactic motion  is  conspicuously  evident,  the  unweighted  algebraic 
means'  being 

T  =  -\-0'f002 


v  =  +o:'oi6j  ^^^ 

All  values  of  v  are  positive.  The  distances  from  the  apex  of  the 
solar  motion,  X,  are  very  favorable  for  the  weight  of  the  solution. 

Curves  of  velocity-variation  have  been  determined  for  all  of 
these  stars,  mainly  at  the  Lick  Observatory.  Seven  of  the  values  of 
V,  the  observed  radial  velocity  of  the  center  of  mass,  are  taken  from 
Duncan's  compilation  in  Lick  Observatory  Bulletin,  No.  151.  The 
value  for  a  Ursae  Minoris,  computed  by  Miss  Hobe,  has  been  given 
by  Campbell,^  and  those  for  X  Sagittarii-^  and  8  Cephei-*  were  com- 
puted by  Moore.  The  value  for  SU  Cassiopeiae  is  obtained  from 
an  unpubUshed  discussion  by  Adams  and  Shapley  of  the  variations 
in  light,  velocity,  and  spectral  t>pe.^ 

Some  of  the  steps  in  the  reduction  appear  in  Table  II.  To 
eliminate  possible  effects  of  the  dispersion  in  distance  the  proper 
motions  were  reduced  to  the  common  apparent  magnitude  +5, 
which  is  very  near  the  mean  apparent  median  magnitude  of  the 
variables,  +4.8.  The  weights  of  the  individual  values  of  the 
reduced  parallactic  motion,  L'5  sin  X,  were  determined  in  the  manner 
suggested  and  used  by  Hertzsprung.^  They  depend  on  the  dis- 
tribution of  velocities  for  this  t}-pe  of  star,  on  the  probable  errors 

^  Astrophysical  Journal,  44,  273,  1916.  ^  Ibid.,  5,  iii,  1909. 

^  Lick  Observatory  Bulletin,  6,  19,  1910.  ^  Ibid.,  7,  153,  1913. 

5  Mt.  Wilson  Contr.,  Xo.  145,  1917.  Note  added  to  proof,  April,  igiS:  The  source 
of  the  visual  magnitude  6.23  is  Harvard  Annals,  50,  and  not  the  Preliminary  General 
Catalogue,  as  erroneously  printed  (Aslrophysical  Journal,  47,  50,  1918). 

^  Astronomischc  Nachrichten,  196,  203,  1913. 
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given  by  Boss  for  the  individual  proper  motions,  and  on  the  dis- 
tances from  the  solar  apex.  The  weighted  mean  value  and  its 
probable  error  are 

(2) 


^T  =  +o''oi6i  ±orooi6. 
smA 


It  is  of  interest  to  compare  this  value  with  (1).  The  corresponding 
value  derived  by  Hertzsprung,  if  we  reduce  his  result  to  the  same 
apparent  magnitude,  is 


sin  A 


=  +o''oi46='=o!'oo22 


from  which  he  derived  for  the  mean  parallax  of  a  Cepheid  of  the 
fifth  apparent  magnitude 

/)5  =  0^003  5  ±0^00054, 

and  for  the  mean  absolute  magnitude,  corresponding  to  the  mean 

period  of  6.6  days, 

M=-2.3±o.35. 

The  larger  probable  error  of  his  value  of  u^  sinX  is  attributable 
mostly  to  the  inclusion  of  the  highly  discordant  k  Pavonis. 

TABLE  II 
Solution  for  Mean  Par.\ll.ax 


Boss 
No. 

Observed 

V5 
Sin  A 

Relative: 
Weight 

Paral- 
lactic 

Residual 

F. 

w 

Ts 

Vs 

(M-— 2.35) 

325- 
637. 
1629. 
1815. 
4493- 
4564- 
4632. 

5071- 
5098. 

5370- 
5807. 

+o''oo4 
+0.012 
-0.005 

—  O.OOI 

-0.003 
+0 .  008 
+0.009 
+0.001 

—  O.OOI 

—0.016 
+0.002 

+o''oii 

+  0.021 
+  0.028 
+  0.006 
+  0.020 
+  O.OII 

+0.017 
+0.008 

+0.006 
+0.014 

+0.008 

+o''oi3 
+0.022 
+0.032 
+0.007 
+0.023 
+0.013 
+0.022 
+0.013 
+0.012 
+0.024 
+0.010 

99 
48 
61 

83 
80 
69 
12 
48 
16 
II 

79 

+o''oi4 
+0.016 
+0.014 
+0.013 
+0.014 
+0.014 
+0.012 
+0.010 
+0 .  008 
+0.009 
+0.013 

-0.003 
+0.005 
+0.014 

—  0.007 
+0.006 
-0.003 
+0.005 

—  0.002 

—  0.002 
+0.005 

—  0.005 

-  4i"ii 

-  2 
+  12 

-  6 

-  4 
-18 
+  18 
+   2 
+  6 
+  16 

-  4 

o''oi  28 

22 
30 

54 
39 
39 
24 
52 
24 
24 
0.0050 

With  the  value  of  the  sun's  velocity  adopted  by  Hertzsprung,  20 
km/sec,  equation  (2)  gives ^5  =  0 ''003 8 6  and  .1/=  —2.06;  but  later 
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determinations  from  radial  motions  point  to  a  higher  velocity  of 
the  sun.  We  have  the  following  recent  values,  based  on  a  greater 
proportion  of  giant  stars  than  were  included  in  the  early  determina- 
tions and  therefore  probably  more  rehable  because  of  smaller 
peculiar  velocities: 

km/sec.     Mean  Error 

Charlier,^  156  B-tj-pe  stars  (mag.<5.o),  T'0  =  21.26 

Gyllenberg.-  284  B-t>'pe  stars                               =22.06^0.91 

Gyllenberg.  291  A-tj^De  stars                                =19.77^1.45 

Stromberg.3  1400  F,  G,  K,  M,  giant  stars            =21.48^1.02 

Adopting  r©  =21.5  km  sec, 


^5  =  o-oo354±o':ooo35  (3) 

and  the  absolute  magnitude,  corresponding  to  the  mean  period 
of  5  .96  days,  is 

M—  —2  .26=^0 .22. 

Computing  for  each  star  that  part  of  the  y-component  due 
to  parallactic  motion.  o''oi6isinX.  and  subtracting  these  values 
in  the  sixth  column  of  Table  II  from  the  observed  values  of  i'^  in 
the  third  column,  we  obtain  in  the  seventh  column  values  for  the 
pecuhar  velocity  parallel  to  the  direction  of  the  sun's  motion.  The 
values  of  Tj  and  of  "residual  v^"  are  in  satisfactory  agreement.^ 
Their  mean  values,  without  regard  to  sign,  are 

T3  =  o''oo56±o''ooio. 
Residual  v-  =  o  .0052^0 .0007. 

^  Meddelande  fran  Liinds  Astronovtiska  Observatoriiim,  Serie  II,  Xo.  14,  1916. 

^  Ibid. ,y^o.  13,  1915.  3  J//.  Wilson  Contr.,  Xo.   144,  191 7. 

^  A  considerable  part  of  the  agreement  is  a  necessarj-  consequence  of  the  magnitude 
of  the  obsen-ational  errors  relative  to  those  of  the  proper  motions.  The  average  prob- 
able error  for  the  annual  motion  in  one  direction  is  about  ±0^004.  As  the  peculiar 
motions  are  not  greatly  in  e.xcess  of  the  errors  of  observation,  possibly  less  weight 
should  have  been  given  to  (6)  in  obtaining  the  final  value  (7).  The  difference  between 
(3)  and  (7),  however,  is  less  than  half  the  probable  error  of  either. 
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Combining  all  twenty-two  values,  with  half  weight  for  the  residual 
i;s=  components  because  one  constant  has  been  derived  from  them, 
we  obtain  the  mean  value  for  the  peculiar  proper  motion  in  one 
direction 

/u.5  =  o''oo55±o''ooo64,  (4) 

a  value  about  one-third  that  of  the  derived  parallactic  motion. 

The  observed  radial  velocities  corrected  for  the  sun's  motion' 
are  given  in  the  eighth  column  of  Table  II.  Their  arithmetical 
mean  value  is 

^o  =  8.35±i  .29  km/sec.  (5) 

and  we  derive  from  (4)  and  (5)  an  independent  value  of  the  mean 
parallax 

/'5  =  ^4^^  =  o':oo3i±o':ooo5.  (6) 

I'  0 

Probably  the  very  close  agreement  of  (3)  and  (6)  is  partly  chance. 
If  in  the  place  of  (5)  we  use  a  value  based  upon  all  known  radial 
velocities  of  Cepheids,  we  add  to  the  eleven  values  in  Table  II 
nine  others,  most  of  which  are  only  rough  estimates,^  and  obtain 
Fo  =  9.58  km/sec,  ps  =  o".oo2j. 

Giving  double  weight  to  (3),  or,  what  amounts  to  the  same, 
combining  (3)  and  (6)  with  regard  to  their  probable  errors,  we 
obtain  the  final  values: 

/>s  =  o''oo34±o':ooo3ol  , 

M=-2.3S±o.i9       J 

The  probable  errors  of  the  foregoing  mean  values  include  the  errors 
in  the  observed  proper  motions  and  radial  velocities  and  some 
uncertainties  of  reduction;    but  they  do  not  include  the  errors 

'  The  value  21  km/sec.  was  used  for  the  sun's  velocity  in  this  computation,  but 
no  difference  in  the  mean  value  would  result  from  using  21.5  km/sec. 

^  The  additional  stars  are  SU  Cygni,  Y  Ophiuchi,  SZ  Tauri,  T  Monocerotis,  and 
five  southern  Cepheids  for  which  very  approximate  velocities  have  been  estimated 
recently  by  Paddock  from  a  few  plates  of  each  {Lick  Observatory  Bulletins,  9,  68,  191 7). 
The  value  for  T  Monocerotis  is  a  little  more  than  a  guess  {Astro physical  Journal,  23, 
266,  1906).  The  velocity-curve  of  SZ  TaXiri  is  by  Haynes  {Lick  Observatory  Bulletins, 
8, 85,  1914),  and  for  the  others  Duncan's  table  furnishes  information. 
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(relatively  much  less  important  in  the  derivation  of  M)  in  the 
apparent  magnitudes  and  the  velocity  of  the  sun,  nor  the  uncer- 
tainty arising  from  any  systematic  motion  or  drift  of  the  Cepheids 
as  a  group. 

From  the  value  f  7)  and  the  apparent  median  magnitudes  in  the 
seventh  column  of  Table  I,  the  individual  parallaxes  have  been 
derived  and  entered  in  the  last  column  of  Table  II.  The  probable 
error  of  each  value  depends  only  on  that  of  M  and  the  uncertainty 
of  the  corresponding  apparent  magnitude;  its  average  is  about 
=t 0^0007.  or  15  per  cent  of  the  tabulated  parallaxes.  Better 
values  of  these  parallaxes  are  derived  later. ^ 

TABLE  in 


Boss  Number 


Obsen-er 


Rel.  77  and  P. E. 


Absolute 


77  from  Parallactic 
Motion  and  Period 


325 

637 

1815 

5071 

(X  Cygni) 

5532 


Flint  et  al. 

van  ^laanen 

Abetti.  Miller 

MitcheU 

MiUer 

Lee  and  Joy 


±0:018 
+0.008  ±0.003 
+0.019  ==0.009 
+0.001  =0.009 
o .  000  ==  o .  008 ' 
— o.oi6=i=o.oi4 


+0^028 
+0.010 
+0.025 
+0.006 
+0.006 

— O.OII 


+o'oi6 
+0.004 
+0 .  004 
+0.005 
+0.001 
+0.018 


Direct  measures  of  the  parallaxes  of  four  of  the  11  Cepheids 
here  considered  are  available  for  comparison  with  the  results  of  the 
present  investigation.  The  data  are  sho^^-n  in  the  first  four  fines  of 
Table  III.  FHnt's  parallax  (absolute)  of  Polaris,  +o''oo8=t=o''oi6, 
is  combined  with  six  of  the  more  recent  determinations  fisted  by 
Kapteyn  in  Groningen  Publications.  Xo.  24.  The  values  of  the  last 
column  are  taken  from  a  later  paper  of  this  series.  The  absolute 
values  are  systematicaUy  larger  than  those  based  upon  the  parallac- 
tic motion,  the  mean  difference  being  +o!'oio  for  the  first  four  stars, 
which  corresponds  to  a  dift'erence  of  approximately  two  magnitudes 
in  the  absolute  brightness.  This  discrepancy  is  large  and  raises 
a  question  as  to  possible  sources  of  error. 

We  note,  however,  that  the  inclusion  of  X  Cygni  and  the  short- 
period  variable  /3  Cephei  (Boss  5532)-  reduces  the  dift'erence  in  the 

'  Mt.  Wilson  Conlr.,  Xo.  153,  the  eighth  paper  of  this  series. 
^  Their  parallaxes  are  determined  later  by  the  method  used  to  calculate  the  final 
values  for  the  11  Cepheids,  although  they  could  not  be  included  in  the  original  group. 
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mean  values  to  +o'foo3;  and,  further,  according  to  an  unpublished 
investigation  by  van  Maanen,  there  is  some  evidence  that  the 
directly  measured  parallaxes  require  systematic  corrections  suffi- 
cient to  bring  the  mean  value  below  that  derived  from  the  par- 
allactic motion  by  oTooi.  These  circumstances  illustrate  the 
uncertainty  of  any  conclusion  based  upon  a  small  number  of 
directly  measured  parallaxes  whose  values  are  as  minute  as  those 
of  the  Cepheid  variables  appear  to  be. 

On  the  other  hand,  the  smallness  of  the  proper  motions  makes 
the  calculated  parallactic  motion  sensitive  to  any  systematic 
errors  in  the  observed  motions,  provided  the  errors  are  so  large 
or  so  distributed  that  the  mean  value  of  p^  is  affected.  An  attempt 
to  determine  directly  from  the  observations  a  systematic  correction 
to  the  proper  motions  is  not  expedient,  however,  as  the  number  of 
stars  is  small  and  they  are  widely  scattered  over  the  sky.  The 
reduced  individual  motions  should  reveal  any  conspicuous  error. 

If  we  assume  a  systematic  correction  to  the  proper  motions  of 
the  amount  used  by  Kapteyn  {Contributions,  Nos.  82  and  147)  for 
some  of  the  B-type  stars  in  the  southern  hemisphere,  and  suppose 
that  its  effect  is  not  obliterated  in  the  mean  result,  the  deduced 
absolute  brightness  might  be  changed  by  about  one-tenth  of  a 
magnitude,  an  amount  clearly  insufficient  to  question  the  general 
accuracy  of  the  present  result. 

In  the  introduction  to  the  Preliminary  General  Catalogue  Boss 
has  suggested  as  provisional  systematic  corrections  to  his  proper 
motions: 

(^ji*'a  = +0^0002 1— 0^00015  sin  a  tan  8 

C?/X5  = —o'f 0023  cos  tt 

These  corrections  have  been  applied  to  the  proper  motions  of  the 
Cepheids  and  revised  values  computed  for  the  r-  and  u-components. 
In  Table  IV  the  probable  errors  of  the  proper  motions,  as  given 
by  Boss,  should  be  compared  with  the  proposed  systematic  cor- 
rections. (For  the  first  star,  Polaris,  a  systematic  correction  of 
this  general  nature  is  of  course  not  appropriate.) 

In  nearly  every  case  the  probable  error  exceeds  the  systematic 
correction,  and  in  the  average  it  is  about  three  tirnes  as  large.     The 


COLORS  AND  MAGNITUDES  IN  STELLAR  CLUSTERS      loi 


revised  values  of  r  and  v  should  be  compared  with  the  analogous 
values  in  Table  I.  The  average  correction  to  v  is  just  one-half  the 
probable  error  of  the  proper  motion  in  one  direction,  and  the  sys- 
tematic correction  to  the  parallactic  motion  is  also  about  one-half 
of  its  probable  error.  The  corresponding  correction  to  the  adopted 
absolute  magnitude  would  be  less  than  +0.05,  an  amount  safely 
neghgible.  We  conclude,  therefore,  that  unless  the  systematic 
errors  are  assumed  to  be  of  a  wholly  different  order  of  magnitude 
from  those  derived  by  Kapteyn  and  Boss  the  mean  parallax  of  these 
Cepheids  is  essentially  correct. 

TABLE  IV 


Revised 

Boss  No 

P.E.  OF  /x 

P.E.  OF  ^^ 

'^l^a                         '^f^S 

T 

V 

325-  •  • 

.  ±o?oo343 

=fco''ooo8 

(  — 0^00225)    (  — 0''0022) 

+0 

'015 

+0 

'041 

o''ooo 

637.  .  . 

88 

40 

-              4    !  -          17 

+ 

7 

+ 

16 

+              2 

1629. . . 

37 

35 

+            12    '  +            2 

— 

2 

+ 

23 

—              I 

1815... 

II 

17 

+           16      +           6 

0 

+ 

7 

—              2 

4493  •  •  • 

23 

30 

+           13      +           I 

— 

2 

+ 

22 

—              I 

4564-  •  • 

35 

44 

+           12      +           0 

+ 

II 

+ 

12 

0 

4632.  .  . 

74 

80 

-1-           16      -           2 

+ 

8 

+ 

12 

0 

5071.  .  . 

20 

29 

-\-         21  :  —        10 

+ 

3 

-t- 

15 

+         3 

5098.  .  . 

31 

40 

+       25  !  -      II 

0    + 

8 

+          4 

5370. . . 

59 

63 

+       27-15 

— 

II     + 

13 

+         3 

5807... 

.  ±0.00020 

±0.0017 

-f-o.  00031    ,  —0.0021 

0 

000  ,  +  0 

014 

-f 0.002 

There  remains,  however,  the  possibiHty  of  systematic  error  in 
the  mean  distance  due  to  a  preferential  drift  of  the  Cepheids  as  a 
class — a  drift  which,  in  order  to  escape  ready  detection  by  means 
of  the  peculiar  motions,  must  be  either  very  small  or  nearly  in  the 
direction  of  the  solar  motion.  Suppose,  for  example,  that  the 
mean  absolute  magnitude  of  the  ele\'en  Cepheids  were  zero  rather 
than  —2  .35.  This  corresponds  approximately  to  the  extreme  sys- 
tematic difference  indicated  by  the  directly  measured  parallaxes. 
Then  the  mean  parallactic  motion  would  be  o'fo5,  that  is,  three 
times  the  observed  value  (which  is  determined  with  a  computed 
error  of  only  10  per  cent).  To  harmonize  this  assumption  with 
the  observed  parallactic  motion  we  must  assume  an  annual  prefer- 
ential drift  of  o''o3  in  a  direction  deviating  but  a  few  degrees  from 
the  solar  apex.     Such  a  drift  should  reveal  itself  in  the  radial 
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velocities,  which  show  no  efifect  of  the  required  order  of  magnitude. 
As  a  matter  of  fact,  the  mean  component  of  these  velocities  (cor- 
rected for  solar  motion)  in  the  direction  of  the  sun's  apex  is  +3  .3 
km/sec.  with  a  probable  error  of  ='=3.5.  The  corresponding  effect 
on  the  mean  parallactic  motion  would  be  of  the  order  of  o''oo3, 
or  one-tenth  that  required;  and  the  uncertainty,  arising  from  this 
source,  in  the  mean  parallax  given  in  (7)  is  perhaps  of  the  order 
of  o''ooo6. 

TABLE  V 


Boss  No. 

P'l 

Probable  Error 

M 

Period 

T 

325 

637 

1629 

181S 

4493 

4564 

4632 

5071 

5098 

5370 

5807 

o''oo29 
49 
71 
IS 
51 
29 

49 
29 
26 

53 
0.0022 

=1=0 ''0009 

13 
II 
10 
10 
II 
26 
13 

22 

27 

=tO.OOIO 

-2.7 

-1.6 

-0.7 
-4.1 

-1-5 
-2.7 
-1.6 

-2.7 
-2.9 
-1.4 
-3-3 

3''97 
1-95 
3-73 
10.15 
7.01 
7-59 
5-77 
7.18 
8.38 
4-44 
5-37 

o''oiio 
2,2 
63 
24 
58 
2,2, 
22, 
45 
18 

36 
0  0033 

A  general  solution  for  the  preferential  motion,  based  on  all  the 
Cepheids  for  which  radial  velocities  are  available,^  gives  the  follow- 
ing values  for  the  velocity  of  the  hypothetical  drift,  its  rectangular 
components,  and  the  position  of  its  apex: 


F  =  6.4=*=3,o  km/sec. 
+  o.2±6.2  F=-i.8=t2,6        Z 

^  =  275°    ±195°       ^  =  +  74°   ^ 


=  +6. 1 
131° 


■2>  o 


The  relative  magnitudes  of  the  probable  errors  show  that  as  far 
as  this  material  goes  there  is  no  appreciable  motion  of  the  Cepheids 
as  a  class. 

Referring  again  to  the  data  of  Table  II,  we  assume,  for  the 
purpose  of  computation,  that  the  u-component  for  every  star  in  the 
foregoing  tables  is  wholly  parallactic.  Then  the  parallax  of  each 
variable,  reduced  to  apparent  magnitude  -I-5,  is  p'^  =  o.22  I's/sin  X, 
and  the  corresponding  absolute  magnitudes  are  as  given  in  Table  V. 
Proceeding  as  above,  where  a  constant  value  of  M  was  used,  new 

'  See  n.  2,  p.  98. 
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values  of  tt  are  obtained.  Their  fairly  close  agreement  with  the 
results  of  the  last  column  of  Table  II  further  emphasizes  the  rela- 
tive smallness  of  the  neglected  peculiar  motion/ 

The  chief  interest  of  Table  V,  however,  lies  in  the  comparison  of 
the  absolute  magnitude  with  the  period  of  variation.  A  marked 
correlation  is  at  once  evident,^  and  if  we  combine  the  stars  in  order 
of  period  into  small  groups  so  as  to  eliminate  some  of  the  effect  of 
the  neglected  peculiar  motion  in  u  and  some  of  the  errors  of  observa- 
tion, we  find 


Number  of  Stars 

Absolute 
Magnitude 

Period 

I 

3 

3 

3 

I 

-4.1 
-2.8 
—  2.1 
-1.6 
-1.6 

10. 15  days 
7.72 
6.05 
4  OS 
1-95 

The  probable  error  of  the  mean  absolute  magnitude  would  be 
further  reduced  by  allowing  for  this  correlation  between  luminosity 
and  period.^ 

III.      THE    RELATION    OF   PERIOD    TO    LUMINOSITY 

From  the  plot-*  of  the  numbers  in  the  fourth  and  fifth  columns 
of  Table  V  a  new  absolute  magnitude  is  obtained  for  each  star,  and 

'  This  agreement  further  suggests  that  the  number  of  stars  is  sufficient  to  give  a 
dependable  value  of  the  mean  parallax.  We  may,  in  fact,  group  the  stars  in  threes, 
either  at  random,  or  in  the  order  of  any  characteristic  (except  period),  and  the  separate 
means  will  almost  invariably  give  a  value  differing  b}'  less  than  half  a  magnitude  from 
the  mean  value  for  the  eleven  stars. 

^  This  might  be  interpreted  as  a  peculiar  distribution  of  the  v-components  depend- 
ing on  the  length  of  the  period,  but  further  work  on  the  relation  of  period  to  luminosity 
completel}-  disposes  of  this  unlikely  alternative. 

^  The  correction,  however,  is  very  small  because  the  principal  source  of  the  prob- 
able error  remains  in  the  dispersion  of  the  residual  fs-components.  Since  M=f{P), 
we  observe  that  the  reduced  parallactic  motion,  1'5/sin  X,  is  also  a  function  of  the 
period,  and  that  for  the  extremes  of  period  the  residual  v^  values  really  contain  some 
portion  (positive  or  negative)  of  the  parallactic  motion.  A  new  solution,  which 
involved  the  reduction  of  the  observed  proper  motions  to  apparent  magnitudes 
depending  on  the  period  rather  than  to  the  common  apparent  magnitude  -I-5,  natu- 
rally gave  no  appreciable  difference  in  the  mean  parallax  and  absolute  magnitude,  and 
reduced  the  probable  error  of  the  latter  bj^  less  than  0.02. 

■*  The  deviations  from  the  smooth  curve  correspond  in  general  to  the  residual 
Vj-components,  providing  we  grant  that  M  is  uniquely  defined  by  P. 
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these  smoothed  values  are  plotted  against  the  logarithm  of  the 
period  as  large  circles  in  Fig.  i.     From  a  final  curve,  based  on 


+  1. 


Logarithm  of  the  period 
+  1-4         +I.O         +0.6         +0.2         — 0.2         — 0.6 


-7 


-6 


-S  -3 


•  \ 
\ 

\ 
\« 

\ 
\ 

\ 

•\ 

•  \ 

Y         1 

\ 

1 

\ 

>^ 

aS. 

mn^  ,r  im  " 

Fig.  I. — Luminosity-period  curve  of  Cepheid  variation.  The  various  symbols 
designate  variables  from  seven  different  systems.  The  short  bisecting  line  at  abso- 
lute magnitude  —2  .35,  log.  period  0.775,  indicates  .the  mean  values  for  Cepheids  of 
known  proper  motion.  Most  of  the  sj-mbols  for  periods  less  than  a  day  represent 
averages  of  about  ten  variables.  Of  the  si.x  largest  deviations,  four  refer  to  values 
of  particularly  low  weight.     Table  XI  contains  co-ordinates  of  the  adopted  curve. 

such  material  as  this,  we  shall  presently  derive  the  absolute 
magnitudes  and  distances  of  all  Cepheids  for  which  the  periods 
are  known.' 

■  The  eighth  paper  of  this  series  contains  the  results  for  the  individual  stars 
(Mt.  Wilson  Contr.,  No.  153).  Without  correcting  for  the  progression  of  color  with 
period,  and  assuming  a  Unear  relation  between  period  and  luminosity,  absolute  magni- 
tudes have  already  been  computed  for  two-thirds  of  the  long-period  Cepheids  by  Hertz- 
sprung  {Astronomische  Nachrichtcn,  196,  205,  1913),  and  by  Russell  for  a  paper  by 
Russell  and  Shapley  {Astrophysical  Journal,  40,  417,  1914).  The  individual  results 
were  not  published. 
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Some  years  ago  Miss  Leavitt  found  a  similar  relation  between 
the  apparent  photographic  brightness  and  the  length  of  period  for 
the  Cepheid  variable  stars  in  the  Small  Magellanic  Cloud.'  In 
order  to  support  the  result  derived  above  for  isolated  Cepheids  and 
to  obtain  a  definitive  luminosity-period  curve,  we  may  reduce  her 
results  to  the  absolute  visual  system  of  the  present  work.  From 
certain  globular  clusters  information  that  is  still  more  valuable 
may  be  obtained  through  the  correlation  of  the  luminosities  of  the 
long-  and  short-period  Cepheids.  The  various  sources  will  be 
taken  up  separately. 

I.  Small  Magellanic  Cloud. — The  magnitudes  given  by  ]Miss 
Leavitt  for  stars  in  the  Magellanic  clouds  are  based  upon  estimates 
on  ordinary  photographic  plates  and  are  referred  to  a  provisional 
scale  and  zero-point.  The  uncertainty  of  the  zero-point  is  of  no 
importance  for  our  immediate  purpose.  As  the  magnitude  scale 
is  probably  nearly  correct,  we  shall  adopt  it  as  it  stands,  giving 
diminished  weight  to  the  brightest  and  faintest  stars,  and  trans- 
forming the  median  brightness  of  the  variables  from  photographic  to 
visual  apparent  magnitudes. 

The  reduction  to  the  visual  system  will  be  very  small  for  the 
short-period  variables,  but  probably  as  much  as  two  magnitudes 
for  some  of  the  red  stars  with  periods  longer  than  ten  days.  In  the 
absence  of  direct  color  or  spectral  determinations  the  change  to 
visual  magnitudes  must  be  made  on  the  basis  of  length  of  period, 
using  the  data  already  collected  for  an  earlier  paper. ^  With  a  few 
modifications  based  on  recent  spectral  classifications,^  the  material 
is  given  again  in  Table  VI,  the  last  two  columns  of  which  are  plotted 
in  Fig.  2.  The  curve  as  drawn  in  the  figure  has  been  used  for  all 
color  corrections;    but  for  periods  greater  than  one  day  a  linear 

formula 

Color-index  =—0.55-1-1 .5  log  P 

represents  satisfactorily  the  change  of  color  with  period.     The  prob- 
able interpretation  of  the  curve  is  discussed  in  a  later  article.'' 

^  Harvard  Circular,  Xo.  173, 191 2 ;  ibid.,  No.  79, 1904;  Harvard  Annals,  60, 106, 1908. 
*  Mt.  Wilson  Contr.,  Xo.  92;  Asirophysical  Journal,  40,  448,  1914. 
^  Mt.  Wilson  Contr.,  No.  124;'  Astrophysical  Journal,  44,  273,  1916. 
4  "Three  X^otes  on  Cepheid  Variation,"  the  ninth  paper  of  this  series. 
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Of  the  969  known  variables'  in  the  Small  Magellanic  Cloud  the 
periods  of  25  have  been  determined.     The  designation,  logarithm  of 


TABLE  VI 
Period  and  Spectral  Type 


Limits  of 

Mean 

Number  of    i 

Color-Index 

Log.  of  Mean 

Spectrum 

Spectrum 

Stars 

Period 

Bo  to  Ag . .  . 

A4 

15 

+O.IS 

—  0.26 

Fo  to  F9 .  .  . 

F5 

27 

+0.6 

+  0.78 

Go  to  Gg . . . 

G5 

31 

+  1.0 

+  1.04 

Ko  to  Kg. .  . 

K5 

9 

+  1.4 

+  1.26 

M+.... 

Ma 

3         1 

+  1.6 

+  152 

the  period,  median^  photographic  magnitude,  reduction  for  color- 
index  by  means  of  the  curve  in  Fig.  2,  and  the  adopted  visual  magni- 
tude are  given  for  each  star  in  successive  columns  of  Table  VII. 


Logarithm  of  period 
-1-0.8         +0.4 


-0.4 


-Fo.i 
Fig.  2. — Change  of  median  color  with  period  for  Cepheid  variables 

The  visual  magnitudes  of  the  25  variables  were  reduced  as 
follows  to  the  absolute  system  represented  in  Fig.  i.  The  pro- 
visional luminosity-period  curve,  based  on  the  isolated  variables 
as  described  in  an  earlier  paragraph,  covers  only  a  part  of  the 
interval  for  which  periods  have  been  determined  in  the  Small 

'  Harvard  Annals,  60,  No.  IV,  1908. 

*  The  mean  of  the  values  for  maximum  and  minimum. 
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^Magellanic  Cloud.  To  reduce  to  the  absolute  scale,  values  of  the 
absolute  magnitude  corresponding  to  the  observed  periods  of  the 
second  column  have  been  read  from  the  provisional  curve  for 
the  13  variables  with  logP  between  0.27  and  i.oo.  The  results 
are  in  the  sLxth  column  of   Table  VH;    in  the  seventh  are  the 

TABLE  VII 
Cepheid  Variables  est  Small  Magellanic  Cloud 


Harvard 
\"ariable 


Median  Pg. 
Log.  Per.  Mag. 

i    fLeav-itt) 


Color-Index       Median        A^'^lV^^ 
from  Curve     Vis.  Mag.      ^^CuV!™ 


I   Provision- 
Difference    ally  Adopted 
Abs.  Mag. 


1505 
1436 
1446 
1506 

1413 

1460 

1422 

842 

1425 

1742 

1646 

1649 

1492 

1400 

1355 

1374 

818 

1610 

1365 

1351 

827 

822 

823 

824 

821 


0.098 
o.  221 
o.  246 

0.273 

0-337 
0.464 

0-545 
0.632 
0.658 


0.  726 
0.727 
0.799 
0.823 
0.874 
0.924 
1. 015 
1 .066 
1.094 

1 .  n6 
1 .  129 
1 .  224 

1-504 
1. 818 
2. 104 


+0.2 
03 
03 
0-3 
0-3 
0.4 
0.4 
0.5 
0-5 
O-S 
0.6 
0.6 
0.6 

0.7 
0.8 
0.8 
0.9 
1 .0 


13 
1.6 
2.0 

+  2.0 


13 


1-9 


2. 1 
2.  2 
2.  2 
2-3 
2.4 
2.7 


-16.5 
16.2 
16. 1 
16.5 
16.7 
16.3 
16.5 
16.5 
16.4 
16.0 
16. 1 
16.3 

-16.5 


Mean  diff.    —16.4 


2.; 

2.; 

3- 

3-^ 

3- 

3< 

3-; 

3< 

4.i 

6., 

-6.i 


differences  between  the  magnitudes  from  the  curve  and  the  appar- 
ent magnitudes.  The  mean  difference,  —16.4,  is  the  reduction 
constant,  which,  applied  to  all  apparent  median  magnitudes,  gives 
in  the  last  column  the  corresponding  absolute  magnitudes.  In 
making  this  transformation,  the  purpose  of  which  is  to  relate  cJmfige 
of  period  with  change  in  absolute  visual  magnitude,  we  make  no 
assumption  regarding  the  actual  luminosity  of  Cepheid  variables 
in  the  Magellanic  clouds;  but  as  soon  as  we  use  the  reduction  con- 
stant as  a  measure  of  distance  we  assume,  of  course,  that  variables 
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of  a  given  period  are  of  comparable  luminosity,  whether  they  are 
in  the  general  galactic  system  or  in  separate  stellar  organizations, 
such  as  globular  clusters  and  the  Magellanic  clouds. 

The  absolute  magnitudes  of  the  last  column  of  Table  VII, 
plotted  in  Fig.  i  as  dots,  show  that  the  same  relation  holds  for  the 
Cepheids  in  the  Small  Magellanic  Cloud  and  in  the  galactic  system, 
and  that  an  improved  and  extended  luminosity-period  curve  may  be 
based  upon  the  combined  data.  The  relation  appears  so  definite 
that  the  prediction  of  the  length  of  period  on  the  basis  of  magnitude 
estimates  should  be  possible  for  most  of  the  944  other  variables 
in  the  Small  Magellanic  Cloud.'  Two  or  three  hundred  of  them 
are  fainter  than  any  for  which  the  period  has  been  determined.  It 
is  very  probable  that  they  are  cluster-type  variables  with  periods  of 
the  order  of  twelve  hours.  With  no  correction  either  for  color 
or  for  divergence  of  magnitude  scale  their  median  magnitudes  on 
the  absolute  system  are  about  —0.3,  agreeing  almost  exactly  with 
the  mean  value  determined  below  for  cluster-type  variables  in 
globular  clusters. 

It  is  important  to  note  further  that  magnitude  16.0  in  Miss 
Leavitt's  provisional  system  marks  an  abrupt  and  definite  fainter 
limit  to  the  median  brightness  of  the  variables  in  the  Small  Magel- 
lanic Cloud.  The  plates,  which  were  made  with  the  24-inch  Bruce 
telescope  with  exposures  varying  from  two  to  five  hours,  are  suffi- 
cient to  test  this  matter,  for  minima  are  observed  as  faint  as  17.0, 
but,  with  one  possible  exception,  no  maximum  is  recorded  fainter 
than  16.0.  A  similarly  definite  fainter  hmit  to  the  interval  of  mag- 
nitude throughout  which  Cepheids  occur  has  been  observed  in 
globular  clusters,  particularly  in  co  Centauri,  and  Messier  3,   5, 

'  Without  doubt  nearlj'  all  variables  in  both  clouds  belong  to  the  Cepheid  class. 
In  the  Small  Cloud,  however,  four  variables  have  an  observed  range  of  at  least  three 
magnitudes,  and  are  probably  long-period  variables  rather  than  Cepheids.  Possibly 
a  few  others  have  larger  ranges  of  variation  than  shown  by  the  plates  examined  by 
Miss  Leavitt  and  are  also  long-period  variables.  It  seems  to  be  a  definite  observa- 
tional fact  that  no  star  that  otherwise  has  typical  Cepheid  characteristics  is  known 
to  have  a  range  in  excess  of  two  magnitudes.  The  value,  photographically,  falls 
usually  between  o .  8  and  1.5,  regardless  of  the  length  of  period.  Hence  the  appropri- 
ateness of  Eddington's  search  for  the  physical  reason  of  an  upper  limit  to  the  ampli- 
tude of  a  pulsation  in  a  gaseous  star  ("The  Pulsation  Theory  of  Cepheid  \'ariables," 
Observatory,  40,  290,  191 7). 
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and  13.  The  concurrent  progression  toward  a  definite  limit  of 
luminosity,  spectrum,  and  period  suggests  that,  in  the  evolutionary 
sequence  of  stars,  Cepheid  variation  is  abruptly  limited  at  or  near 
the  blue  end  of  the  giant  series  because  of  the  changing  physical 
conditions  in  the  interior  of  the  gaseous  masses. 

2.  0)  Centaiiri. — -Of  132  variables  observed  by  Professor  Bailey 
in  the  southern  cluster  co  Centauri,^  periods  were  determined  for  93, 
of  which  3  are  long-period  Cepheids.  From  the  observations  and 
notes  it  has  been  possible  to  derive  approximate  results  for  two 
others  with  periods  in  excess  of  a  day.  In  Table  VIII  the  correction 
to  visual  magnitude  and  the  reduction  to  the  absolute  system  follow 

TABLE  VIII 
Cepheid  Variables  ix  w  Cextauri 


Designation 


Log.  Per. 


Median  Pg.     vknal  Map-       ^^S-  from 
Mag.  (Bailey)    ^  '^"^'  ^^^^-  \        Curve 


Difference 


Provisional 
Abs.  Mag. 


I !  1-47 

2g 117 

48 o .  66 

60 o.  13 

61 0.36 

«(37) -0.23 

6(19) — o.  12 

c(34) I  -0.40 


8.80 
10.  76 
II  .60 
12.52 
12.60 
13  40 
13-37 
13-49 


-4.70 
-3.60 

—  2.00 

—  1 .01 
-1-35 


-13 
-14 

-13 
-13 
-13 


95 


Mean  diff.    —13.80 


.00 

.04 

20 

28 
20 
—  0.40 

-0.43 
—0.31 


-3- 

—  2. 


—  I . 


the  same  plan  as  that  for  the  Small  Magellanic  Cloud.  The  magni- 
tudes of  the  fifth  column  were  read  from  the  improved  luminosity- 
period  curve,  but  since  at  this  point  in  the  discussion  the  curve 
has  not  yet  been  extended  to  periods  less  than  a  day,  the  three 
groups  of  cluster-t}pe  variables  were  not  used  in  the  reduction. 
The  light-curve  of  Xo.  29  is  hardly  t^-pical  of  Cepheids,  and  its 
magnitude  also  appears  somewhat  discordant.  In  obtaining  the 
reduction  constant,  —13.80,  half  weight  was  given  to  the  ap- 
proximate magnitudes  for  Nos.  48  and  61.  The  numbers  in 
parentheses  in  the  first  column  refer  to  the  total  number  of  stars  in 
each  subgroup.  Plotting  as  crosses  in  Fig.  i  the  values  of  the 
second  and  last  columns,  the  luminosity-period  curve  is  further 
improved  for  the  ordinary  Cepheids  and  is  extended  to  the  cluster- 
t}^e  variables. 

'  Harvard  Annals,  38,  1902. 
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3.  Messier  5. — Professor  Bailey  has  recently  determined  the 
periods  and  light-curves  of  about  70  variables  in  Messier  5.'  Of  the 
three  with  periods  longer  than  a  day,  two  are  certainly  Cepheids. 
The  third,  Xo.  50  of  Bailey's  list,  with  a  period  of  106  days,  is  one 
component  of  a  close  bright  double.  Its  observed  magnitude  is 
certainly  diminished  by  the  Eberhard  effect,  possibly  to  a  great 
extent.  Professor  Barnard  has  observed  visually  all  three  of  these 
stars. ^  In  a  recent  letter  he  states  that  the  measures  of  No.  50 
do  not  give  the  rapid  rise  to  maximum  light  that  is  typical  of 
Cepheid  variation.  If  the  star  were  included  without  correction 
for  the  Eberhard  effect,  it  would  deviate  more  than  three  magni- 
tudes from  the  curve. 

TABLE  IX 

Cepheid  Wariables  in  Messier  5 


Designation 


Median  Pg. 

Log.  Per. 

Mag. 
(Bailey) 

Visual  Mag. 

1. 41 

11.72 

10.20 

2.03 

13 

60 

II. 6 

1.42 

12 

08 

IO-53 

-0.57 

14 

98 

14.84 

-0.32 

14 

q8 

14  85 

—  0.  26 

14 

q8 

14.83 

—  0.  20 

14 

96 

14.80 

Mag.  from 
Curve* 


Difference 


Provisional 
Abs.  Mag. 


42 

50 

84 

Double  Max.  (8) 

Group  I 

Group  2 

Group  3 


-455 

.   -1475 

-4-57 

-15.10 

-0.33 
-0  39 

-0.45 

-15.18 
-15.22 
-15-25 

-4 
-3 
-4 

— o 

—  o 
— o 

—  o 


Meandiff.    —15.18 


*  It  should  be  noted  that  the  luminosity-period  curve  is  slightly  corrected  after  each  accretion  of 
data  so  that  the  magnitudes  in  the  fifth  column  are  not  those  derivable  from  the  final  curve. 

A  group  of  8  variables  with  double  maxima  or  peculiarly  short 
periods  is  found  among  the  cluster-t>'pe  variables  of  Messier  5.^ 
That  they  are  single  stars  with  an  average  period  of  six  and  one- 
half  hours  seems  the  most  probable  h}^othesis;  they  are  accord- 
ingly used  to  extend  the  luminosity-period  curve  and  to  show  that 
no  appreciable  decrease  in  luminosity  occurs  as  the  periods  become 
less  than  twelve  hours. 

Bailey  has  collected  into  three  equal  groups,  in  order  of  length 
of  period,  the  thirty  t\:pical  cluster-t}pe  variables  with  most 
definite  light-curves.  Each  group  is  given  weight  5  in  determining 
the  reduction  constant.     The  material  is  discussed  in  Table  IX 

'  Harvard  Annals,  78,  Part  2,  1917.  ^  Harvard  Circular,  No.  193,  1916. 

^  Aslronomische  Nachrichten,  147,  243,  1898. 
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and,  omitting  Xo.  50,  the  results  are  plotted  in  Fig.  i  as  tri- 
angles. 

4.  Messier  j. — Bailey's  monograph  on  ^Messier  3  contains  the 
light-curves  of  no  stars,  none  of  which  has  a  period  exceeding  a 
day.^  In  his  catalogue  the  only  bright  star  that  is  certainly  vari- 
able is  one  that  appears  to  be  irregular.  A  bright  Cepheid, 
however,  was  found  near  the  center  of  the  cluster  by  Barnard,  who 
has  determined  the  period  and  pubHshed  a  light-curve.-  The 
median  photo-visual  magnitude  of  this  star  has  been  determined 
from  plates  made  at  ]Mount  Wilson  and  measured  by  Miss  Davis  and 
the  writer.  Although  the  light-curve  derived  by  Barnard  is  more 
nearly  s\Tnmetrical  than  is  usual  for  Cepheid  variables,  the  color 
and  the  change  of  color  between  maximum  and  minimum,  which  is 
typical  of  this  kind  of  variable,  is  clearly  indicated  by  the  ]\Iount 
Wilson  measures.  A  small  correction  to  the  final  magnitude 
for  Eberhard  effect  would  be  appropriate,  because  of  the  star's 
situation  in  the  densest  part  of  the  cluster,  and  would  probably 
eliminate  its  deviation  from  the  curve  in  Fig.  i. 

One  variable  of  Bailey's  list,  No.  37,  has  been  specially  studied 
at  Harvard^  and  on  a  series  of  Mount  Wilson  plates.-"  Its  period  is 
about  one-half  that  of  the  t\-pical  variable  of  Messier  3,  resembling 
in  this  respect,  as  well  as  in  the  shape  of  the  light-curve,  the  eight 

'  Harvard  Annals,  78,  Part  i,  19 13. 

^  Astronomische  Nackrichten,  172,  345,  1906.  Barnard  suspected  another  bright 
star  of  variation,  Xo.  19,  in  his  nomenclature.  Referred  to  his  comparison  star  Xo.  8 
no  variation  is  apparent  on  the  ]Mount  Wilson  plates  so  far  e.xamined.  The  data  for 
photographic  magnitudes  are  as  follows: 


Plate 

Date                        19—8 

Plate 

Date 

19—8 

2372 

2463 

2506 

1915,  April  16                  o-^'cx3 
June     7               +0.10 
July     6              +0.04 

3679 

3680 

1917,  March  28              +o¥o6 
28     '         +0.04 

These  stars  are  among  the  very  brightest  in  the  cluster,  and,  as  might  have  been 
inferred  from  previous  investigations,  they  are  red.  The  color-index  of  Xo.  19  is 
approximately  -|-i  .8  magnitudes,  and  of  Xo.  8,  more  than  two  magnitudes,  according 
to  measures  on  five  photographic  and  three  photo-visual  plates.  There  is  some  possi- 
bility of  Eberhard  effect  as  both  stars  are  near  the  center. 

^Harvard  Circular,  Xo.  193,  IQ17;  Harvard  Annals,  78,  Part  2,  1913. 

*  Publications  of  the  Astronomical  Society  of  the  Pacific,  29,  no,  1917. 
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stars  of  Messier  5  that  are  designated  "Double  Max."  in  Table  IX. 
It  is  entered  singly  in  Table  X.  The  54  typical  cluster- type  vari- 
ables in  Messier  3  for  which  Bailey  considered  the  results  most 
certain  are  combined,  in  order  of  period,  into  three  equal  groups, 
each  of  which  is  given  weight  10  in  deriving  the  reduction  constant. 
The  photo-visual  magnitudes  are  referred  to  the  Mount  Wilson 
system,  a  series  of  polar  comparison  plates  being  used  to  obtain 
the  appropriate  correction  to  Bailey's  photographic  magnitudes. 
Black  squares  in  the  diagram  designate  the  results  for  Messier  3. 

5.  Messier  ij. — Two  Cepheid  variables  in  Messier  13  were 
discovered  by  Bailey  and  Barnard  and  studied  by  the  latter.^  Of 
five  others  found  by  the  writer  among  the  fainter  stars^  four  appear 

TABLE  X 

Cepheid  Variables  in  Messier  3 


Designation             Log.  Per. 

Median  Pv. 
Mag. 

Mag.  from 
Curve 

Difference 

Provisional 
Abs.  Mag. 

Barnard    7..  . 

Bailey  37 

Group  I 

Group  2 

Group  3 

1 .  20 
-0.49 

—  0.30 
—0.27 

—  0.  22 

12.3 

15-40 

15-29 

15-39 

15-39 

-3-7 

-0.3s 

-0.34 

-0.36 

-0.38 

—  16.0 

-15-75 

-15-63 

-15-75 

-15-77 

-3.4 

-0.33 

-0.44 

-0.34 
-0.34 

Mean  diff.            — 15-73 

to  have  periods  less  than  a  day.  Approximate  median  photo- 
visual  magnitudes  for  these  four  and  the  earlier  two  have  been 
obtained  from  Mount  Wilson  photographs ;  but  without  a  complete 
study  of  all  the  light-curves  the  results  have  low  weight.  Carrying 
through  the  usual  reductions,  however,  and  combining  the  pro- 
visional results  into  two  groups,  we  obtain  the  values  indicated  by 
open  squares  in  Fig.  i. 

6.  Other  sources. — Further  numerical  results  bearing  on  the 
luminosity-period  relation  are  not  now  available,  but  certain 
sources  may  be  cited  from  which  quantitative  results  will  come  in 
time  and  from  some  of  which  even  now  we  may  infer  confirmation  of 
the  interdependence  of  period  and  luminosity. 

'  Bibliography  and  discussion  in  Mt.  Wilson  Conlr.,  No.  116,  p.  78,  1915. 
» Ibid.,  pp.  79  ff. 
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The  median  photographic  magnitudes  of  the  808  variables  dis- 
covered by  Miss  Leavitt  in  the  Large  Magellanic  Cloud^  range  from 
10.5  to  15.8;  there  is  but  one  fainter  exception,  which,  by  show- 
ing that  fainter  stars  are  easily  visible  on  the  plates,  proves  the 
rule  that  Cepheid  variation  aJEfects  only  stars  brighter  than  a 
certain  limit.  If  we  should  assume  the  same  color  correction  as 
used  for  the  Small  Magellanic  Cloud,  the  interval  of  magnitude  in 
which  the  variables  occur  is  much  the  same.  There  can  be  little 
doubt  that  these  are  Cepheid  variables  (the  ranges  of  all  but  two 
or  three  are  less  than  two  magnitudes^) ,  among  which  the  luminosity- 
period  law  holds  as  elsewhere.  Good  values  of  the  distance  and 
extent  of  the  star  cloud  will  be  given  eventually  through  determina- 
tions of  the  magnitudes  and  periods  of  these  variable  stars. 

The  50  variable  stars  in  Messier  15  are  being  studied  by  Pro- 
fessor Bailey  on  a  series  of  75  Harvard  and  Mount  Wilson  plates. 
The  periods  so  far  derived,  with  one  exception,  are  less  than  a  day. 
The  exceptional  star  has  a  period  of  i  .44  days,  a  provisional  value 
kindly  communicated  by  Professor  Bailey;  its  median  magnitude  is 
about  0.43  brighter  than  the  median  magnitude  of  the  other 
variables,  according  to  measures  on  a  few  Mount  Wilson  plates. 
The  results  are  preliminary  and  receive  no  weight  in  obtaining  the 
luminosity-period  curve,  but  because  of  the  close  agreement  with 
results  for  other  clusters,  the  following  data,  derived  in  the  usual 
manner,  are  plotted  in  Fig.  i  as  small  circles  containing  crosses: 

Variable  No.  i,  Median  Mag.  (Absolute)  =—0.82,  Log.  Per.  =  -|-o.i6 
Variable  No.  13,  Median  Mag.  (Absolute)  =  —  0.40,  Log.  Per.  =  —0.24 
Variable  No.  11,  Median  Mag.  (Absolute)  =  —  0.37,  Log.  Per.  =  —0.46 

Nos.  13  and  11  are  tx-pical  of  the  two  subclasses  of  variables  in 
Messier  15;  the  median  photographic  magnitudes,  Bailey  finds, 
are  in  all  cases  about  15  .7.' 

Variable  stars  have  now  been  discovered  in  26  globular  clusters, "* 
and  from  Mount  Wilson  plates  and  from  reproductions  in  Harvard 

'  Harvard  Amials,  60,  Part  IV,  1908;   Harvard  Circular,  No.  82,  1904. 

^  See  n.  i,  p.  108.  ^  Popular  Astronomy,  25,  520,  1917. 

■»  To  the  list  in  Harvard  Annals,  38,  p.  2,  several  have  been  added  through  recent 
discoveries  by  Miss  Davis  (Publicdtions  of  the  Astronomical  Society  of  the  Pacific,  29, 
210.  260,  1917). 
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Annals,  38,  it  is  possible  to  make  a  preliminary  comparison  of  the 
relative  magnitudes  in  each  system.  Thus  we  find  that  there  are 
at  least  15  clusters,  in  addition  to  those  examined  in  some  detail  in 
the  foregoing  discussion,  in  which  some  or  all  of  the  variables  are 
among  the  very  brightest  stars.  Clusters  which  show  also  a  con- 
siderable diversity  in  the  magnitude  of  variables,  and  which  are 
therefore  of  importance  for  the  luminosity-period  curve,  include 
N.G.C.  104,  362,  1904,  6266,  6397,  and  6626. 

The  final  luminosity-period  curve,  as  drawn  in  Fig.  i  and  given 
numerically  in  Table  XI,  is  based  upon  more  than  230  stars,  and, 
except  for  zero-point  uncertainty,  is  probably  correct  within  one  or 

TABLE  XI 

CO-ORDESTATES   OF   THE  LuMINOSITY-PeRIOD   CuRVE 


Logarithm  of  Period' Ab^^luteVig^^^ 

T        ,.^, t  r>„  ^-j     .\bsolute  Visual 

Logarithm  of  Period         Magnitude 

—  0  6                            — <^  '2'' 

+0.8 -2 

43 
79 
15 
51 
87 
23 
59 
95 
31 
67 
02 
38 

-0.5 

-04 

-0.3 

—0.2 

—0.1 

0.0 

+0  I 

0-33 

03         j 

0.34 

0.38 

050 

0.64       , 

0.81 

0.9 2 

10 3 

II 3 

1-2 3 

1-3 4 

1-4 4 

I.s 4 

+0.2 

+0.3 

+0.4 

+0  ^    

0.99 
1. 17 
1-37 
1.58 
1. 81 
—  2.10 

1.6 5 

1-7 1           5 

1.8 I           6 

1.9 6 

2.0 6 

+  2.1 -7 

+0.6 

+0.7 

74 
I 

two  hundredths  of  a  magnitude.  Ten  plotted  points  lie  on  the 
curve,  23  are  below,  and  24  above.  The  average  unweighted 
deviation  is  =^=0.13  mag.,^  an  amount  so  nearly  of  the  same  order 
as  the  errors  of  the  measured  magnitudes  that  for  tjpicaP  Cepheids 
of  given  period  a  rigorously  constant  median  magnitude  may  be 
assumed.     Almost  all  of  the  large  de\'iations  from  the  curve  are  of 

'  The  observational  errors  in  the  periods  are  relatively  negligible. 

*The  word  "typical"  is  frequently  used  to  make  allowance  for  such  stars  as 
RV  Tauri,  k  Pavonis,  and  V  Ursae  Minoris,  which  show  some  general  Cepheid 
characteristics,  but  because  of  various  recognized  irregularities  or  peculiarities  may 
also  be  irregular  in  the  relation  of  period  to  absolute  brightness. 
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low  weight,  due  to  uncertain  estimates  of  magnitude  or  period, 
peculiarities  in  light  variation,  or  possible  error  in  the  magnitude 
scale.  Above  absolute  magnitude  —5.5  the  curve  depends  only  on 
the  longest  period  variables  in  the  Small  Magellanic  Cloud;  but 
the  resulting  uncertainty  is  not  serious,  as  few  Cepheids  have  periods 
longer  than  forty  days/ 

Future  work  on  the  periods  and  magnitudes  of  variables  in 
clusters  is  not  likely  to  alter  appreciably  the  form  of  the  luminosity- 
period  curve;  but  further  investigation  of  the  proper  motions  of 
Cepheids  may  contribute  to  the  certainty  of  the  zero-point,  which 
is  now  defined  both  as  to  amount  and  accuracy  by  equation  (7). 
The  distances  of  even  the  nearest  Cepheids  are  so  great  that  little 
can  be  expected  from  direct  parallax  measures  in  the  way  of  quanti- 
tative confirmation  or  improvement  of  the  curve/ 

IV.      THE   MEDIAN   MAGNITUDE    OF    CLUSTER-TYPE   VARIABLES 

The  flattening  of  the  luminosity-period  curve  for  magnitudes 
fainter  than  —0.5  indicates  that  for  the  t>^ical  cluster- t\^e 
variable  the  median  brightness  is  essentially  invariable  and  is 
independent  of  the  length  of  period.  As  we  shall  presently  relate 
the  magnitude  of  these  variables  to  the  maximum  brightness 
attained  in  clusters,  a  further  examination  of  the  dispersion  of 
median  magnitudes  is  advisable.  From  preceding  tables  we  derive 
the-  data  in  Table  XII. 

Thus  the  absolute  photographic  magnitude-'  for  183  variables  is 

Median  =—0.23  (8) 

The  deviations  from  this  mean  value  may  be  due  largely  to  the 
errors  in  the  magnitudes  of  the  longer-period  Cepheids  of  each 
cluster.  No  marked  change  of  photographic  brightness  with 
period   appears;     the    change    of    visual   magnitude   with  period 

'  Cf.  Table  II  of  the  eighth  paper.     Long-period  Cepheids  are  liable  to  irregularity. 

^  See  sec.  II,  above. 

3  This  value,  which  becomes  of  much  importance  in  the  determination  of  cluster 
parallaxes,  is  independent  of  the  earlier  transformations  from  photographic  to  photo- 
visual  magnitudes  with  the  aid  of  Table  \'I. 


ii6 


HARLOW  SHAPLEY 


recorded  in  Fig.  i  and  Table  XI  is  due  to  the  small  progression  of 

color  with  period,  assumed  in  the  reductions  on  the  basis  of  Fig.  2. 

Much  work  bearing  on  the  constancy  of  the  median  magnitude 

of  cluster-tx-pe  variables  has  been  done  at  Blount  Wilson;    but  a 


Cluster 


TABLE  XII 


Number  of 
Variables 


Mean  Absolute! 
Mean  Period      Photographic        Deviation 
Magnitude 


w  Centauri. . 

f34 
137 
I19 

0*^40 

0  59 
0.76 

—  0. 19 
-0.25 
—0.26     1 

—  o^'o4 
+0.02 
+0.03 

r  8 

0.27 

—  0.  20 

-0.03 

Messier  5..  . 

10 
10 
[10 

0.48 

0-55 
0.63 

—  G.  20 

—  0.  20 

—  0.  22 

—  0.03 
-G.03 

—  0.01 

Messier  3. .  . 

f  I 

0.32 
0.50 

—  G.  20 
-G.3I 

-0.03 
+0.08 

18 

[18 

0.54 
0.60 

—  0.20 

—  0.20 

-0.03 
—  0.03 

full  discussion  of  the  data  would  be  too  extensive  for  the  present 
paper,  and  the  results  for  only  two  systems  are  outlined  below. 

I.  In  w  Centauri  three  subclasses  of  cluster-t}'pe  variables  are 
recognized.  Omitting  those  for  which  the  classification  is  uncer- 
tain, we  have  in  Table  XIII  a  summary  of  the  data  bearing  on  the 

TABLE  XIII 
Variable  St.\rs  in  w  Centauri 


Subclass 

No.  of 
Variables 

Mean  Period 

Maximum 
Magnitude 

Range  of 
Variation 

Median 
Magnitude 

Average 
Deviation 

a 

b 

c 

All 

33 
15 
28 
76 

04586 
0.752      ' 
0  395 

12.99 
13.10 
13-33 

I^ll 
0.87 
0.56 

13-55 
13  55 
13.61 

13-57 

=t  o^'g9 
=to.io 
—  0.09 
=•=0. 10 

dispersion  of  median  magnitudes.  Although  the  stars  of  the  three 
groups  differ  from  each  other  in  maximum  magnitude  and  range, 
as  well  as  in  period  and  form  of  light-curve,  the  median  values  are 
the  same.  The  distribution  of  individual  deviations  agrees  closely 
with  the  probabihty  curve,  as  shown  in  Table  XIV. 


COLORS  AND  MAGNITUDES  IN  STELLAR  CLUSTERS      117 

2.  The  variables  in  Messier  3  differ  very  little  from  each  other 
in  any  respect.  The  comparison  stars  and  some  of  the  variables 
have  been  studied  by  ]Miss  Davis  and  the  writer  on  a  series  of  65 
photographs;  the  magnitude  scale  has  been  revised  and  referred 
to  the  ]\Iount  Wilson  system.  A  sample  of  the  revised  data,  show- 
ing the  constancy  of  the  median  magnitudes,  has  been  given 
in  ML  Wilson   Communication  Xo.  47.^     For  the  54  light-curves 

TABLE  XIV 


Number  of  Residuals 
between 

o*'oo  and  0*^03 .  .  . 

0.04  "  0.06.  .  . 

0.07  "  0.09.  .  . 

o. 10  "  0.12... 

0.13  "  0.15.  .  . 

0.16  "  0.18.  .  . 

o.  19  "  o. 24.  .  . 

^0.2.:;.- 


Theory 


Observ"ation 


18 
14 
13 
10 

7 
S 
6 

3 


19 
12 

15 

13 

7 

o 

7 
3 


selected  by  Bailey  as  most  definite  the  median  photographic  mag- 
nitude is  1 5. 49 ±0.01,  the  average  deviation  from  the  mean  value 
is  =1=0.07,  S'lid  the  largest  deviation  is  less  than  two-tenths  of  a 
magnitude.  If  we  include  all  no  variables  for  which  periods  are 
known,  the  mean  is  15.50=1=0.006,  with  an  average  deviation 
=to.o8. 

A  further  examination  of  the  median  magnitudes  for  the  54 
selected  stars  shows  the  following  small  systematic  variation, 
which  is  definitelv  connected  with  the  range: 


Mean  range  of  variation i       ii'o4 

Mean  median  magnitude 15.5 

Number  of  variables 


One  explanation  of  this  variation  is  that  the  duration  of  exposure 
was  often  so  long  that  for  some  stars  the  brightness  at  the  top  of  the 
sharp-pointed  curves  was  never  determined,  the  measures  }-ielding 
fainter,  more  rounded  maxima  than  actually  exist.     The  range 


'  Proceedings  of  the  National  Academy  of  Scietices,  3,  480,  191 7. 
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deduced  for  such  stars  is  always  too  small,  and  the  systematic 
error  goes  into  the  median  magnitude  with  half  its  weight.  The 
variation  may  be  due,  rather,  to  errors  of  observation  at  maximum 
light,  where  usually  only  a  few  estimates  are  available  and  any 
error  will  directly  correlate  range  and  median  magnitude.  The 
first  explanation  gives  15.4  as  the  true  median  magnitude,  the 
second  leaves  it  at  15.5.' 

In  either  case  an  appropriate  and  simple  correction  to  the  devia- 
tions from  the  mean  median  magnitude,  for  the  systematic  errors 
in  the  maxima,  leaves  the  uncertainty  in  the  median  magnitude 
but  half  as  great  as  given  above,  and  the  average  deviation  for  a 
single  star  is  less  than  ±0.05.  The  distribution  of  the  corrected 
residuals  again  accords  with  the  law  of  error  as  closely  as  could  be 
expected  for  a  small  number  of  values: 


Number  of  Residuals 
between 

Theory 

Observation 

o'y'oo  and  o¥o4 

0.04     "    0.08 

0.08     "    0.12 

>o.  12 

29 
16 

7 
2 

27 

15 

9 

3 

The  magnitudes  in  Messier  2,  5,  15,  and  22  yield  results  similar 
to  the  foregoing.  In  each  cluster,  apparently,  the  total  light 
variation  of  short-period  Cepheids  is  confined  to  a  narrow  interval 
of  brightness;  and  in  all  cases  where  the  observations  are  sufficient 
to  justify  a  conclusion  the  deviations  of  the  median  magnitudes 
from  their  mean  are  far  within  the  errors  of  observation.  Hence  we 
are  led  to  place  much  confidence  in  the  hypothesis  that  the  parallax 
of  a  cluster-type  variable  (or  of  any  cluster  containing  such  stars) 
may  be  derived  immediately  from  the  measurement  of  the  median 
magnitude. 

'  The  error  is  probably  common  to  all  groups  of  variables.  It  does  not  vitiate 
the  work  on  cluster  parallaxes,  for  the  median  value  as  observed  is  used  to  obtain 
both  apparent  and  absolute  magnitudes.  A  systematic  error  may  be  introduced  into 
the  determination  of  the  distances  of  some  isolated  cluster-type  variables,  but  at  most 
it  will  be  only  a  few  per  cent  and  far  within  the  uncertainty  of  the  various  magnitude 
scales. 
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V.      PAR.\LLAXES    OF   CLUSTERS   FROM   THEIR   BRIGHTEST   STARS 

The  most  important  use  of  accurate  median  magnitudes  is  to 
furnish  a  starting-point  for  the  study  of  the  absolute  luminosity 
of  the  brightest  stars  in  a  cluster.  In  Messier  3,  for  instance,  where 
the  magnitudes  of  all  the  brighter  stars'  have  been  accurately 
measured,  there  are  nearly  300  more  luminous  than  the  median 
magnitude  of  the  variables.  A  few  that  are  more  than  two  magni- 
tudes brighter  appear  in  the  cluster,  it  may  be,  by  projection  only, 


TABLE  XV 
Photogr.aphic  ^Magnitudes  of  30  Brightest  St.\iis  in  Messier  3 


Star 


206 
420 

589 
205 

837 

1127 
1219 
706 
1000 
1128 

417 
740 
490 
297 
1392 


Color-Index 

Pg.l 

-[-1 .01 

II. 

-ho.  19 

13- 

+0.91 

13- 

+  1.09 

13- 

+  1.36 

13- 

+  1-30 

13- 

-t-1.40 

14 

-hi. 16 

14 

+  1.25 

14 

—0.60 

14 

+  1.15 

14 

4-0.70 

14 

4-1.80 

14- 

+  1.32 

14 

-hi. 22 

14 

Deviation 


Bright 
Bright 
Bright 
Bright 
Bright 

-0.31 

—  o.  19 
— o.  17 
-0.15 

-o  15 

—  o.  14 

—0.13 

— o.  10 
—0.09 

—  0.09 


Star 


1449 

463 
238 

334 
265 

925 

1397 

398 

237 

309 

640 

1203 

1208 

1214 

177 


Means . 


Color-Index  I    Pg.  Mag.    |    Deviation 


-hi. 40 
+  113 
+  1-79 
4-113 
4-1.14 
+  1-34 
+  1.69 

4-1. 13 
-ho. 42 

-hi. 19 
-hi. 18 

-hi. 32 
-hi.  23 
+  1.  22 
-hi  .00 


.18 
•25 
•27 
.27 

•29 
.29 
.29 
•32 
■33 
■37 
.40 
.40 
.40 
.40 
•45 


-hi. 16 


14- 23 


-0.05 

4-0.02 

-ho.  04 

-ho.  04 

-ho.  06 

-ho.  06 

-ho.  06 

4-0.09 

4-0. 10 

-ho 

+0 

-ho 

+0 

+0 

+0 


14 


17 


or  they  may  be  double  or  multiple  stars.  If  we  limit  our  study  to 
the  region  within  9'  from  the  center  and  exclude  a  few,  say 
live,  of  the  very  brightest  objects,  we  can  feel  sure  that  prac- 
tically all  the  remaining  bright  stars  are  really  topical  members 
of  the  cluster. 

In  Table  XV  the  sequence  of  the  30  brightest  objects  is  shown 
for  ^Messier  3,  the  data  being  taken  from  an  unpublished  investiga- 
tion of  the  magnitudes  and  colors  of  nearly  a  thousand  stars. ^     The 

'  Stars  within  a  concentric  circle  of  nearly  3'  diameter  are  excluded  because  of 
possible  systematic  errors  arising  from  crowding  of  images  and  Eberhard  effect. 

^  The  numbers  are  those  of  von  Zeipel's  catalogue,  Annales  de  VObservatoire  de 
Paris,  25,  1908. 
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mean  luminosity  of  the  25  chosen  stars  is  detennined  with  nearly 
the  same  accuracy  as  the  median  magnitude  of  the  variables.  The 
difference,  Med.— Mean  Br.,  is  +1.27;  hence  from  equation  (8) 
we  find  that  the  brightest  stars  have  an  absolute  photographic 
magnitude  of  —1.5  in  the  mean,  and  a  maximum  just  fainter 
than  —2.  These  bright  stars  are  reddish,  however,  and  the  maxi- 
mum visual  absolute  brightness  exceeds  —3  magnitudes  in  a  few 
cases. 

Other  clusters  which  contain  short-period  Cepheids  agree  in 
showing  that  the  maximum  photographic  luminosity  is  regularly 
between  i .  5  and  2 .  o  magnitudes  brighter  than  the  median  value 
for  the  variables.  We  see,  therefore,  in  this  apparent  constancy 
of  maximum  magnitude,  the  possibihty  of  an  expeditious  method  of 
furthering  our  knowledge  of  cluster  distances.  The  phenomenon 
is  qualitatively  illustrated  by  an  inspection  of  the  photographs 
reproduced  in  Harvard  Annals,  38;  and  a  quantitative  confirmation 
is  readily  possible  through  magnitude  measures,  even  'when  the 
variables  are  few  in  number  and  their  light-curves  are  unknown. 
Thus,  for  Messier  22  a  study  of  three  polar-comparison  plates 
gives  for  the  mean  magnitude  of  the  25  brightest  stars'  the  value 
13  .08,  with  extremes  of  12.51  and  13  .55,  and  an  average  deviation 
of  ='=0. 19,  while  the  median  magnitude  of  the  variable  stars, ^  from 
the  measures  given  in  Table  XVI,  appears  to  be  14.45.  Hence, 
Med.— Mean  Br.  =  +1 .37.  For  a  few  clusters,  in  which  the  vari- 
ables have  been  extensively  studied,  more  accurate  values  of  this 
difference  can  be  obtained. 

All  material  now  available  has  been  considered  in  discussing  the 
relation  of  median  to  brightest  magnitude,  summarized  in  Table 

'  Five  stars  brighter  than  the  "25  brightest"  are  always  excluded  in  usin^  this 
method. 

'  SLxteen  variable  stars  are  listed  by  Bailey  {Harvard  Annals,  38,  242,  1902). 
Xo.  II  is  a  very  close  double  and  was  not  measured;  Xos.  3  and  14  could  not  be 
certainly  identified.  The  variability  of  Nos.  2,  5,  9,  and  16  is  not  definitely  confirmed 
by  the  ]\Iount  Wilson  plates.  No.  8  is  one  of  the  brightest  stars  in  the  cluster  and 
appears  to  be  a  long-period  Cepheid;  similarly,  Xos.  5  and  9  are  probably  bright 
Cepheids  of  long  period.  For  the  remaining  8  stars  a  short-period  variation  of  a 
magnitude  or  more  is  fairly  well  established  by  these  plates.  The  total  interval  of 
brightness  is  about  two  magnitudes;  the  uncertainty  of  the  median  magnitude  given 
above  is  possibly  one  or  two  tenths. 
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XVII/  Some  of  the  tabulated  material  has  been  adapted  from 
Bailey's  published  work,  but  most  of  it  has  been  derived  from 
Mount  Wilson  plates,  of  which  the  total  number  entering  the  dis- 
cussion for  each  cluster  is  noted  in  the  second  column.  The  third 
column  gives  the  number  of  cluster-tj-pe  variables  contributing  to 
the  mean  median  magnitude.  It  should  be  observed  that  the 
final  result  appears  to  be  independent  of  the  frequency  of  variable 

stars. 

TABLE  XVI 

Variables  ix  Messier  22 — Observations  of  19 17 


Number 


Plate  3887 
Aug.  14.71 


Plate  3888 
Aug.  14.72 


Plate  3892a      Plate  38926 
Aug.  14.75       Aug.  14.75 


Plate  3940 
Sept.  9.70 


Plate  3963 
Sept.  10.68 


12. 

15- 
16. 


14.96 


14 

80 

12 

72 

15 

15 

04 
06 

12 

16 

13 

24 

15 

14 

1.5 

01 

14 

20 

14 

95 

14 

41 

15.06 

12.78 

14.79 
15.10 

12.  17 

13  31 
15.02 
14.99 
13-78 
14.99 

14 -54 


12.72 


15-51 
15.12 


14.06 
15.15 


12.  29 
13.21 


13-72 


14-95 
12.75 
1437 
14.78 
12. 10 
13-17 
15-39 
14.42 

13-58 
15-36 
14-52 


15-13 
12.46 
14.98 
14-32 
12.76 
13-32 
15  03 

14-95 
14.98 
14-52 
14-47 


37 

89 

36? 

38 

64 

01 

41 

79 

15 

38 

93 

68 

93 
34 


The  radius  of  the  concentric  circular  area  in  which  the  bright 
stars  were  measured  is  given  in  the  fourth  column  of  Table  XVII. 
The  choice  of  this  quantity  is  somewhat  arbitrary,  and  small  changes 
in  it  may  affect  the  mean  perceptibly  if  thereby  exceptionally  bright 
stars  happen  to  be  included  or  omitted.^     The  adopted   radius 

'  In  at  least  three  dusters  (N.G.C.  6266,  6626,  and  6723),  in  which  magnitudes 
have  not  been  quantitative!}'  studied,  a  considerable  number  of  short-period  variable 
stars  are  from  one  to  two  magnitudes  fainter  than  the  brightest  stars.  Qualitatively, 
therefore,  the  relation  between  the  median  and  brightest  magnitudes  is  verified  in  10 
clusters  and  the  ^Magellanic  clouds  and  is  nowhere  controverted.  Its  quantitative 
expression,  however,  is  probably  less  definite  than  the  differences  of  Table  XVII 
suggest,  the  close  agreement  of  several  values  being  partially  fortuitous.  A  later 
study  of. Messier  15,  for  instance,  indicates  an  uncertainty  of  0.2  mag.  in  the  pro- 
visional value  given  here;  but  the  adopted  probable  error  of  the  mean  difference  amply 
covers  this  discrepancy. 

*  The  mean  magnitude  for  Messier  3  is  14.30  for  a  radius  of  7'  and  14.17  for  a 
radius  of  11'. 
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depends  in  general  upon  both  the  nature  of  the  photographs  and  the 
cluster's  angular  diameter,  but  mainly  upon  the  galactic  latitude. 
In  rich  fields  the  area  is  necessarily  small  in  order  to  exclude  bright 
non-cluster  stars.  We  might  have  adopted  the  same  radius  for  all 
clusters  and  attempted  to  allow  for  foreign  objects  by  varying  with 
galactic  latitude  the  number  of  excluded  stars,  but  the  actual 
angular  dimensions  differ  so  greatly  that  a  more  flexible  procedure 
seemed  advisable.  Every  effort  has  been  made  in  this  and  subse- 
quent work  of  the  same  kind  to  obtain  homogeneous  results,  in  each 
case  so  choosing  the  area  for  measures  of  bright  stars  that,  with  the 
five  brightest  rejected,  the  resulting  mean  gives  a  trustworthy 
value  of  the  maximum  luminosity.' 


TABLE  XVII 
Median  Magnitudes  and  the  Brightest  Stars 


Photographic  Magnitude 

No.  OF 

Plates 

No.  or 
Variables 

Radius 

Weight 

Cluster 

Mean  Br. 

Median 

Diff. 

Messier  3 .  . 

65 

no 

9' 

14- 23 

15-50 

1.27 

8 

5-- 

3 

61 

4 

13 

97 

15 

26 

29 

4 

I5-- 

7 

48 

6 

14 

31 

15 

63 

32 

2 

2.  . 

7 

7 

4 

14 

61 

15 

71 

10 

I 

22.  . 

6 

8 

5-5 

13 

08 

14 

45 

37 

I 

13- • 

15 

4? 

6 

13 

75 

IS 

3: 

S: 

0 

w  Centauri 

3 

90 

12 

?: 

i^ 

0: 

(S- 

0 

Mean  difference. ...        i .  28 

The  mean  difference,  +1.28,  combined  with  (8),  gives  M  = 
—  1 . 5 1  as  the  mean  absolute  photographic  magnitude  for  the 
bright  stars.  The  probable  error  of  the  difference  is  not  likely 
to  be  in  excess  of  two-tenths  of  a  magnitude.  This  estimate 
makes  generous  allowance  for  the  real  dissimilarities  of  the  clusters 
(which  seem  to  be  small  so  far  as  magnitude  limits  go)  and  for  the 
uncertainties  in  excluding  peculiar  and  non-cluster  stars.  Taking 
also  into  consideration  the  probable  error  of  (7)  and  the  observa- 
tional errors  in  the  apparent  magnitudes,  ;w,  we  conclude  that  the 

'  Central  condensations  and  multiple  stars  were  avoided.  Counts  of  stars  on  the 
Franklin-Adams  charts  were  frequently  of  service  in  estimating  the  probable  fre- 
quency of  outside  stars  in  a  cluster  field. 
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probable  error  for  the  difference  M  —  m,  in  the  relation  5  log  7r  = 
M  — m  — 5,  certainly  does  not  exceed  0.4  mag.,  and,  therefore, 
that  the  absolute  parallax  of  a  globular  cluster  may  be  obtained 
from  the  apparent  magnitudes  of  its  brightest  stars  with  a  probable 
error  of  less  than  20  per  cent.  For  relative  parallaxes  the  probable 
error  does  not  include  the  error  of  (7)  or  the  possibility  of  system- 
atic error  in  the  magnitude  scale;  its  value  is  10  per  cent  or  less 
for  parallaxes  derived  from  homogeneous  data. 

VI.      REMARK    ON    THE    PARALLAXES   OF   CLUSTERS    DERIVED   FROM 
THEIR   APPARENT   DIAMETERS 

The  foregoing  discussion  shows  that  the  mean  apparent  magni- 
tude of  the  brightest  stars  in  a  globular  cluster  is  a  pretty  depend- 
able criterion  of  its  distance,  thus  indicating  that  all  systems  are 
much  alike  in  the  maximum  luminosity  attained  by  any  individual 
member.  In  consequence  it  is  a  natural  assumption  that  clusters 
may  also  be  closely  comparable  in  actual  size.  In  fact,  the  first 
paper  of  this  series'  contains  a  provisional  curve  correlating  decreas- 
ing maximum  brightness  with  decreasing  angular  diameter,  and  it 
follows  that  the  apparent  size  of  a  globular  cluster  is  also  a  direct 
measure  of  the  parallax.  As  we  may  obtain  the  parallaxes  of  nearly 
30  globular  clusters  by  the  methods  outlined  on  preceding  pages, 
a  curve  showing  the  relation  of  distance  to  apparent  size  can  be 
readily  constructed,  and  using  this  curve  the  parallax  of  any  other 
cluster  can  be  obtained  from  its  diameter.  A  necessity  of  such 
work  is  homogeneity  in  the  observations,  and  this  is  afforded  in  a 
highly  satisfactory  manner  by  the  Franklin-Adams  photographic 
charts,  which  co^•er  the  whole  sky  and  include  every  known  globu- 
lar cluster.  Further  discussion  of  this  phase  of  the  work  is 
reserved  for  the  following  contribution. 

VII.       SUMMARY 

I.  The  determination  of  the  distances  and  distribution  in  space 
of  globular  clusters  involves  a  general  treatment  of  extensive 
data  bearing  on  the  magnitudes,  periods,  light-curves,  proper 
motions,  and  radial  velocities  of  Cepheid  variables  in  the  Galaxy 

'  Mt.  Wilson  Contr.,  Xo.  115,  p.  12,  1915. 
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and  other  systems  and  on  the  angular  diameters  of  clusters  and  the 
number,  magnitudes,  and  colors  of  their  individual  stars.  Its 
successful  accomplishment  will  help  somewhat  to  a  better  under- 
standing not  only  of  the  most  remote  objects  known  in  the  stellar 
universe,  but  also  of  the  dimensions  and  dynamics  of  cluster  sys- 
tems and  of  the  maximum  luminosity  attainable  in  stellar  evolution. 
Suggestions  relative  to  the  extent  and  arrangement  of  the  galactic 
system  and  to  the  sun's  position  therein  will  be  a  natural  outcome 
of  the  work. 

2.  From  parallactic  motions  the  mean  absolute  magnitude  of 
eleven  isolated  Cepheid  variable  stars  has  been  derived  with  a 
relatively  small  computed  probable  error  (sec.  II).  The  luminosi- 
ties of  the  individual  stars  are  shown  to  be  uniquely  detined  by 
their  periods. 

3.  An  extension  of  these  results  gives  a  relation  (Fig.  i)  con- 
necting the  periods  of  both  the  ordinary  Cepheids  and  the  cluster- 
t^pe  variables  with  their  absolute  magnitudes,  which  permits  the 
derivation  of  the  distances  of  all  such  variable  stars  as  soon  as  their 
periods  and  apparent  magnitudes  are  measured;  and  when  we 
adopt  the  plausible  h>'pothesis  that  Cepheids  of  a  given  period  are 
comparable  wherever  found,  the  relation  also  yields  the  parallax 
of  any  cluster  containing  Cepheid  variables.  Data  for  more  than 
200  individual  variables  from  seven  diilferent  stellar  systems  con- 
tribute to  the  determination  of  the  luminosity-period  relation. 
Fainter  than  a  definitely  fixed  luminosity  Cepheid  variation  prob- 
ably never  occurs. 

4.  Further  investigation  makes  the  derivation  of  cluster 
parallaxes  practically  independent  of  variable  stars  by  substituting 
the  apparent  magnitudes  of  the  brightest  stars  as  the  criteria  of 
distance  (sec.  V).  Stars  brighter  than  the  absolute  photographic 
magnitude  —2  are  exceedingly  rare  in  clusters. 

5.  Angular  diameters  are  next- employed  in  extending  the  work, 
until  finally  for  all  globular  clusters  in  both  hemispheres  values  of 
the  parallax  become  possible.  The  distances  are  derived  and  con- 
sidered statistically  in  the  next  paper  of  this  series. 

Mount  Wilson  Solar  Observatory 
Xovember  191 7 


THE   ABSORPTION   OF   NEAR   IXFR.\-RED   R.ADIATIOX 
BY  WATER-\'APOR 

By  W.  W.  SLEATOR 
I.      IXTRODUCTIOX 

The  study  of  the  absorption  of  radiation  in  the  atmosphere  was 
begun  by  Langley/  whose  holographs,  or  maps  of  the  sun's  spectrum, 
show  wide  bands  attributed  by  him  to  water-vapor.  Paschen,^ 
in  work  on  the  emission  of  radiation  by  gases,  has  investigated  as 
well  the  absorption  occurring  in  steam,  and  records  in  particular 
the  effect  of  changes  in  temperature  upon  the  wave-lengths  of  the 
radiation  absorbed.  His  work  has  been  extended  b}'  Eva  von 
Bahr,^  who  has  shown  that  the  doublet  between  wave-lengths  5 
and  7  ju  is  in  reality  very  complex  and  contains  about  forty  separate 
absorption  bands  arranged  with  some  appearance  of  symmetry  on 
either  side  of  the  wave-length  6 .  26  /z. 

The  combination  principle  suggested  by  Bjerrum,-"  in  connection 
with  his  application  to  the  case  of  molecular  rotation  of  the  quan- 
tum theory,  is  a  fruitful  hypothesis  in  the  explanation  of  near  infra- 
red absorption.  Bjerrum's  ideas  have  in  fact  been  applied  by 
Eucken^  to  the  system  of  water  bands  presented  in  the  work  of 
Eva  von  Bahr,  and  that  system  seems  to  be  accounted  for  in  terms 
of  two  series  of  rotation-frequencies  corresponding  to  two  principal 
moments  of  inertia  in  the  water  molecule.  More  recent  work  by 
Rubens  and  Hettner^  shows  some  evidence  for  the  presence  in  the 
farther  -infra-red  of  a  third  series  of   rotation-frequencies.     The 

^Researches  on  Solar  Heat  (Professional  Papers  of  the  Signal  Service,  Xo.  15, 
United  States  War  Department). 

^  Annalen  der  Physik,  51,  4,  1894;    52,  210,  1894;    53,  234,  1894. 

3  Phil.  Mag.,  28,  71,  19 14;  Verhaiidlungen  der  deutschen  Physikalischen  Gesellschaft, 
15,  731,  1913- 

•*  Xernst  Festschrift,  p.  90. 

5  Verhandhingen  der  deutschen  PhysikaliscJien  Gesellschaft,  15,  1159.  1913;  Phil. 
Mag.,  28,  71,  1914. 

*  Chemical  Abstracts,  11,  135;,  1917;  Science  Abstracts,  Xo.  234,  p.  223.  June  1917. 
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question  of  molecular  structure  is  now  intimately  connected  with 
the  investigation  of  radiation,  as  is  shown  by  further  work  of 
Bjerrum/  and  important  tests  of  the  quantum  hypothesis  await 
experimental  advances  in  the  same  field. ^ 

The  present  paper  gives  an  account  of  work  undertaken  to 
extend  our  knowledge  of  atmospheric  absorption.  It  concerns  par- 
ticularly the  region  of  the  spectrum  between  the  wave-lengths  i .  3 
and  3  n  and  presents  a  detailed  study  of  the  absorption  regions 
marked  ^,  12,  and  X  on  Langley's  charts. 

II.      APPARATUS 

The  work  of  Eva  von  Bahr  was  done  with  a  prism  spectrometer 
and  radiomicrometer.  In  the  work  recounted  here  a  higher  dis- 
persion was  secured  by  the  use  of  gratings,  and  the  uncertainty  of 
w^ave-lengths  determined  with  the  aid  of  a  dispersion-curve  was  at 
the  same  time  avoided.  The  troublesome  overlapping  of  grating 
spectra  has  been  eliminated  by  the  use  of  a  supplementary  prism. 
The  general  arrangement  is  shown  in  Fig.  i.  The  apparatus  takes 
the  form  of  two  spectrometers,  each  with  fixed  arm  and  single 
mirror.^  By  a  proper  setting  of  the  prism  a  definite  and  limited 
portion  of  the  spectrum  is  presented  to  the  grating  spectrometer. 
The  prism  serves  in  fact  as  an  effective  screen  or  filter. 

A  Knear  thermopile,  incased  at  T  in  Fig.  i ,  and  a  galvanometer 
of  the  Paschen  type  constituted  the  detecting  system.  The  ballistic 
deflections  of  the  galvanometer  observed  on  opening  or  closing  the 
shutter  at  0  serve  to  map  out  the  spectrum  of  the  Nernst  glower 
used  as  the  source  of  energy.  The  construction  of  the  galvanome- 
ter was  the  first  work  done  on  the  present  problem. 

The  entire  path  of  the  light,  shown  in  Fig.  i  by  the  dotted  lines, 
is  inclosed  in  a  black  box  of  double  cardboard.  It  is  of  course  not 
possible  to  make  such  a  box  tight,  nor  to  get  the  air  in  it  absolutely 
dry.  In  the  section  around  the  glower,  however,  the  air  could  be 
saturated.  Also  energy-curves  were  plotted  from  data  secured  on 
winter  nights,  when  cold  air  from  out  of  doors  was  pumped  through 

'  Verhandlungen  der  deutschen  PhysikaUschcn  GcseUschafl,  16,  737,  1914. 
^  Ibid.,  16,  614,  1914;  IS,  1159,  1913. 
^  Annalen  dcr  Physik,  33,  739,  1910. 
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sulphuric  acid  and  phosphorus  pentoxide  into  the  cases.  Sufficient 
difference  appeared  between  the  depths  of  the  bands  to  enable  us 
to  attribute  the  absorption  to  water-vapor. 


■^    '^ 


Fig.  I. — The  spectrometer,  scale  i  to  5 

L,  Xernst  glower;  5i,  ^2,  slits;  Mi,  10  cm  mirror,  f=2ocm;  P,  salt  prism; 
M2,  Mi,  ID  cm  mirrors,  £  =  50  cm;  I/4,  A,  B,  plane  mirrors;  G,  grating;  C,  case  for 
T,  the  thermopile;  IT',  window  in  box  E;  O,  shutter.  The  path  of  the  light  is 
LMiSzAM2PM,PM2S2M,GMiBT.  A  spectrum  appears  at  5^.  P  and  I/4  rotate 
together  about  K,  so  that  any  region  of  the  spectrum  may  be  isolated  for  the  grating, 
and  the  overlapping  of  spectra  is  avoided. 
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In  the  region  of  the  spectrum  near  the  wave-length  2  . 6  /i  some 
work  has  been  done  with  steam.  The  absorption  took  place  in  a 
chamber  15  cm  long',  which  was  kept  hot  by  resistance  coils,  and 
could  be  swung  into  or  out  of  the  beam  of  light.  The  glass  ends  of 
the  chamber  were  compensated  for  by  two  pieces  cut  from  the  same 


Fig.  2. — The  spectrometer  constant  k  in  the  equation  \  =  k  sin  0 

AB  is  the  grating  space,  g.  Light  from  S2  is  sent  to  T.  T,  S2,  and  M^,  the 
mirror,  are  fixed,  and  rotation  of  the  grating  leaves  <p  unchanged.  The  wave-length 
at  T  is  determined  by  the  relation  n\  =  DB-\-BJ 

=  g  sin  (a-|-0)  -fg  sin  a 

=  2g  sin  (a-f-?"^)  cos  \<p 

=  2g  cos  |0  sin  6 

=  K  sin  ^ 
0  =  ^  {R,—R^,  Ri  and  Ri  being  circle  readings  on  the  two  spectra  of  one  order. 
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sheet  of  glass,  through  which  the  radiation  passed  when  the  steam 
chamber  was  drawn  aside. 

Three  gratings  have  been  employed  in  the  course  of  the  work. 
The  smallest  has  a  ruled  surface  5  cm  wide  and  about  2400  lines  to 
the  inch,  and  is  referred  to  as  the  brass  grating.  The  other  two 
have  effective  surfaces  12.2  cm  wide,  are  ruled  on  speculum  metal, 
and  are  referred  to  as  the  7500-line  grating  and  the  15, 000- line 


Fig.  3. — Energy-curves,  region  of  i  .3  m.     The  slit  corresponds  to  2,^  A  in  B  and 
I T  A  in  C. 


grating,  the  figures  giving  the  number  of  lines  per  inch.  In  Figs.  3, 
4.  5,  and  6  the  letters  A,  B,  and  C  refer  respectively  to  these  grat- 
ings. They  are  mounted  on  the  table  of  a  Schmidt  and  Haensch 
spectrometer  whose  circle  may  be  read  to  ten  seconds. 

Fig.  2  serves  to  illustrate  the  meaning  and  derivation  of  the 
equation 

A  =  K  sin  0, 

used  in  computing  wave-lengths  from  data  secured  with  the  fixed- 
arm  spectrometer.     To  obtain  the  wave-length  interval  included  at 
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one  time  in  the  slit  of  the  thermopile,  one  considers  first  the  resolv- 
ing power  of  the  grating.  If  the  source  ^2  were  very  narrow,  the 
width  of  the  central  bright  band  in  the  diffraction  pattern  produced 
by  monochromatic  light  would  be  given  by 

2A. 


'W  = 


b  cos  6 


500. 


where  h  is  the  width  of  the  grating  in  mm,  6  the  angle  by  which  the 
grating  is  turned  from  the  normal,  and  500  the  focal  length  of  the 


Fig.  4. — Energy-curves,  region  of  i .  8  /-i.     The  slit  corresponds  to  2>i  -^  iii  ^  ^^d 
14  A  in  C. 

mirror  in  mm.  For  the  15,000-line  grating  w  is  o .03  mm  at  2  .6  ju, 
and  for  the  brass  grating  o .  14  mm  at  6  /i.  The  slit  5,  is  |  mm  wide, 
and  its  image  in  the  plane  of  the  slit  of  the  thermopile  is  in  the  first 
case  about  0.52  mm  and  in  the  second  about  0.57  mm  wide.  With 
the  slits  now  in  use  no  great  improvement  in  the  purity  of  the  spec- 
trum can  be  attained  by  enlarging  the  grating. 

The  range  of  spectrum  included  in  the  slit  is  taken  as  the  interval 
in  wave-lengths  between  two  beams  whose  centers  are  §  mm  apart 
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in  the  plane  of  the  thermopile.  That  slit  does  not  take  in  the  total 
energy  even  of  a  single  wave-length,  but  does  receive  about  three- 
fourths  of  the  energy  in  the  interval  named.     This  interval  corre- 

1/2 
sponds  to  a  variation  in  0  (in  Fig.   2)  of  —      or  o.ooi  radian. 

Taking  the  equation  for  wave-length  as 

A=2g  COS  <^/2  sin  (a-\-cf>/2), 

and  considering  that  0/2  is  found  by  measurement  to  be  1°  16',  we 
have  by  differentiation  the  approximation 

dX  =  K  cos  OdO 
=  A  cos  i)  — . 


This  expression  gives  the  values  set  down  with  the  figures,  which 
are  a  little  too  large.     In  order  to  throw  a  single  beam  from  one 
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Fig.  6. — Energy-curve,  part  of  the  region  of  6  /m.     The  slit  corresponds  to  loo  A 

side    of    the    slit    of    the    thermopile    to    the    other,    0    must    be 

1/2  .  . 

changed  by  —  or  o.  001  radian,  as  above,  and  this  demands  a  change 

in  a  of  0.0005  radian  and  a  corresponding  motion  of  the  grating. 
0.0005  radian  is  i.'y,  and  the  spectrum  interval  may  be  checked 
by  noting  the  value  of  i  .'7  in  units  of  wave-length  along  an  energy- 
curve.  At  2 .6/xthe  15,000-Hne  grating  gives  this  interval  as  10.4  A. 
The  green  line  of  the  spectrum  of  mercury  (X  =  5460 .  74  A,  Kaye 
and  Laby's  tables)  was  used  for  visual  calibration,  the  bright  line 
and  the  slit  of  the  thermopile  being  viewed  objectively.  In  the  case 
of  the  brass  grating  no  visible- lines  could  be  observed,  but  the  actual 
grating-space  was  known,  and 

K=2g  cos  \<i> 
was  computed  from  data  obtained  from  measurement. 
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III.       THE    CURVES 

Figs.  3,  4,  5,  and  6  present  a  summary  of  the  experimental 
work.  Except  in  Fig.  6  each  energy-curve  is  one  of  three  secured, 
for  two  of  them  the  air  being  saturated  and  for  one  dried.  The 
bands  are  numbered  arbitrarily  for  reference  to  the  tables.  The 
letters  .4,  B.  and  C  refer  respectively  to  the  brass,  the  7500-line, 
and  the  15.000-line  grating.  In  Fig.  7,  as  well  as  in  the  others, 
the  distance  h  denotes  1°  on  the  circle  and  5  shows  the  relative  size 
of  the  thermopile  slit. 

Fig.  7  represents  part  of  the  region  at  2.6  ju  as  mapped  with 
the  7500-line  grating.  The  upper  curve  (lettered  D)  does  not  show 
the  galvanometer  deflections  but  gives  the  percentage  of  incident 
energy  transmitted  by  steam.  The  effect  of  drying  the  air  appears 
also  in  this  figure,  in  curve  E,  and  it  will  be  noted  that  the  curve  for 
steam  accentuates  the  peculiarities  of  F,  the  ''air-saturated"  curve, 
peculiarities  which  the  curve  secured  with  dried  air  decidedly 
obscures.  It  seems  that  the  temperature  of  the  absorbing  vapor 
has  no  effect  on  the  position  of  an  individual  band.  According  to 
Paschen's  work,  already  cited,  we  conclude  that  the  relative  inten- 
sities of  the  bands  must  change,  so  that  those  that  are  deepest  at 
one  temperature  are  not  deepest  at  another.  But  the  present  work 
cannot  confirm  nor  deny  this  effect.  The  effect  on  the  absorption 
of  drying  the  air,  shown  in  Fig.  7,  was  found  even  more  definitely 
with  the  finer  grating,  at  i  .3  and  1.8,  as  well  as  at  2  .6  /x.  All  the 
deeper  bands  are  less  marked  when  the  air  is  dry.  This  does  not 
appear  so  clearly  with  the  shallow  bands,  but  it  may  be  that  in  the 
''air-saturated''  curves  the  presence  of  weak  bands  is  masked  by 
their  more  prominent  neighbors.  It  is  upon  such  evid-.mtf  as 
appears  in  Fig.  7  that  we  ascribe  the  absorption  to  water-vapor. 

With  the  7500-line  grating  the  intervals  of  the  spectrum  between 
the  absorption  bands  at  1.3  and  i  .8  ju,  and  between  those  at  i  .8 
and  2  .6  IX,  were  carefully  explored  and  were  found  to  present  no 
evidence  of  atmospheric  absorption. 

In  Figs.  3  and  5  the  upper  curves  are  decidedly  similar.  This 
similarity  suggests  that  one  of  these  absorption  regions  may  be  a 
harmonic  of  the  other  in  the  sense  suggested  by  Kemble.'    However, 

^Physical  Rcvicn',  8,  689,  1916. 
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a   frequency  half  that   corresponding  to   band  No.    2   in  Fig.   3 
corresponds  nearly  to  band  No.  11  in  Fig.  5  rather  than  to  band 


-    -  >  WAVE-LENGTH 


Fig.  7: — Part  of  the  region  of. 2. 6  fi,  7500-line  grating.  D  gives  the  percentage 
of  energy  transmitted  by  steam  at  no  to  120°  C.  and  i  atmosphere  pressure.  E  is 
an  energj'-curve  with  the  air  partly  dried,  F  an  energy-curve  with  the  air  saturated  at 
about  35°  C. 

No.  8,  and  the  same  lack  of  agreement  appears  in  the  lower  curves. 
Evidently  the  simple  idea  of  harmonics  does  not  apply. 
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A  comparison  of  the  energy-curves  in  Fig.  5,  secured  respec- 
tively with  the  7500-  and  15,000-nne  gratings,  shows  how  the 
increased  dispersion  adds  to  our  knowledge  of  the  absorption. 
Bands  No.  8  and  No.  9  in  the  lower  curve,  for  example,  appear  in 
the  middle  one  as  No.  5,  a  connection  indicated  in  typical  cases  by 
the  dotted  lines,  and  appearing  more  definitely  in  the  tables.  These 
curves  must  be  considered  in  any  numerical  computations  made 
with  absorption  frequencies,  for  in  the  curves  appear  the  individu- 
alities of  the  bands,  which  cannot  well  be  expressed  in  numbers. 
In  all  cases  the  grating  was  turned  1'  for  each  new  setting.  At  6 
and  at  2 . 6  /i  six  deflections  were  taken  at  each  minute,  and  at  i .  3 
and  1 . 8  ^t  four.  The  computations  are  based  on  curves  which,  for 
the  region  at  2.6  /x.  are  about  six  feet  long. 

IV.       THE    TABLES 

On  pages  137  to  142  are  set  forth  the  wave-lengths  and  frequen- 
cies of  the  bands,  which  are  denoted  by  the  numbers  given  with  the 
curves.  Corresponding  wave-lengths  appear  opposite  each  other. 
The  gratings  have  been  calibrated  independently,  the  values  given 
have  been  calculated  from  independent  curves,  and  the  agreement 
between  opposite  numbers  is  in  general  satisfactory.  In  connec- 
tion with  the  region  of  6  /x  is  set  forth  some  evidence  of  the  symme- 
try demanded  by  Eucken's  explanation,  but  unfortunately  the  work 
was  not  carried  far  enough  to  give  this  evidence  much  value.  Some 
idea  of  the  accuracy  of  the  determinations  of  X  and  A  might  be 
obtained  by  estimating  the  effects  of  various  sources  of  error.  But 
first  one  may  consider  the  diliferent  values  secured  for  the  same 
quantity  from  the  three  corresponding  curves.  The  ''t}pical  com- 
putations of  X  and  N"  show  these  numbers  for  certain  bands  in  the 
region  at  2  . 6  n — bands  taken  quite  at  random.  Considering  the 
uncertainty  in  the  value  of  A'  we  should  perhaps  aft'ect  the  wave- 
length by  the  probable  error  of  =*=  2  A.  Errors  in  the  circle  of  the 
spectrometer  are  probably  negligible,  especially  since  the  calibra- 
tion involved  the  same  sections  of  the  circle  as  were  employed  in  the 
measurements.  At  6  n,  where  we  have  only  one  curve,  obtained 
under  less  favorable  circumstances,  we  should  perhaps  write  the 
wave-lengths  with  an  error  ±  20  A.     A  question  mark  in  the  tables 


136 


W.  W.  SLEATOR 


TYPICAL  DATA 

The  settings  of  the  grating  circle,  and  corresponding  deflections  of  the  galva- 
nometer. 

2  A.M.,  March  22,  19 17.  Grating  temperature,  27°.  Period  of  galvanometer, 
6  sees.;  E.M.F.  applied  to  glower,  238  volts. 


Circle 

Deflections  in  mm 

Circle 

Deflections  in  mm 

121°  10' 

28-9-  9-8-9-9  =  28.7 

120°  58' 

18-  9-  8-9-9-9=18.7 

9' 

26-7-  7-6-7-6  =  26.5 

57' 

19-20-  0-0-0-0=19.8 

8' 

23-2-  1-2-2-2  =  22.0 

56' 

16-  7-  8-8-8-7  =  17-3 

7' 

1 2-5-  6-6-4-5  =  14.7 

55' 

9-1 i-io-i-o-i = 10 . 3 

6' 

1 1 -2-  3-2-3-1  =  12.0 

54' 

10-  0-  1-0-1-1  =  10.5 

s' 

10-2-  2-1-2-2=11.5 

!        53' 

18-22-  0-1-0-1  =  20.3 

4' 

15-8-  7-7-8-7  =  17.0 

1        52' 

24-  6-  5-5-6-5  =  25.2 

3' 

17-6-  6-7-6-7  =  16.5 

51' 

27-  7-  6-7-7-7  =  26.8 

2' 

9-8-10-9-9-8=   8.8 

50' 

27-  8-  6-7-6-8  =  27.0 

i' 

5-5-  4-5-5-6=   50 

49' 

25-  7-  6-8-6-7  =  26.5 

121°    0' 

6-6-  5-6-6-6=   5.8 

48' 

23-  6-  4-6-4-6  =  24.8 

120°  59' 

14-3-  4-3-4-3  =  13-5 

47' 

22-  3-  1-4-2-3  =  22.5 

TYPIC.\L  COMPUTATIONS  OF  WAVE-LENGTH  AND  FREQUENCY 

REGION   OF    2  .  6  M 
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denotes  not  a  doubtful  band  but  a  doubtful  correspondence.  The 
second  column  in  the  tables  for  the  region  at  2  .6  /x  gives  the  rela- 
tive depths  of  the  bands  as  an  indication  of  their  importance  in 
other  infra-red  work.  A  band  numbered  i  seems  to  represent  an 
absorption  of  less  than  10  per  cent,  while  5  shows  that  perhaps 
80  per  cent  of  the  incident  energy  is  absorbed. 


WAVE-LENGTHS  AND  WAVE-NUMBERS  OF   THE  ABSORPTION  BANDS 
OF  WATER-VAPOR  IN  THE  NEAR  INFRA-RED  SPECTRUM 


REGION   OF    1.38  M 


15,000-LiNE  Grating 

7S00-L1NE  Grating 

Band  No. 

Wave-Length  A 

Wave  No. 
per  mm 

Band  No. 

Wave-Length  A 

Wave  No. 
per  mm 

I 

2 

13545 
13614 

13643 
13678 
13710 
13820 
13876 
13922 
13954 
14000 
14046 
14092 
14140 
14186 

738.3 

734.5| 

733  oJ 

731   I 

729.4 

723.6 

720.7 

718.3 
716.  7 

I 

13620 

13820 

13950 
14010 

14060 

3 

4 

734 

c 

6 

2 

7235 

7 

? 

8 

Q 

717 

10 

7143        1              4 

712. ol 

i              ^ 

700 .7              1 

714 

II 

12 

711 

XT. 

707.  2I 

) 

704-9] 

14 

6 

7 

14170 
14240 

706 
702 
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WAVE-LENGTHS  AND  WAVE-XUMBERS  OF  THE  ABSORPTION  BANDS 
OF  WATER-VAPOR  IN  THE  NEAR  INFRA-RED  SPECTRUM— CoH//««ei 

REGION    OF    1.87  M 


15,000-LiNE  Grating 


7SOO-LINE  Grating 


Band  No. 


Wave-Length  A 


Wave  No. 
per  mm 


Band  Xo. 


Wave-Length  A 
/ 


Wave  No. 
per  mm 


2 
3 
4 

5 
6 

7 
8 

9 
10 
II 
12 

13 

14 
15 

16 

17 
i8 

19 
20 
21 
22 
23 
24 
25 
26, 

27. 
28. 

29, 
30. 


18110 
18152 
18202 
18263 

18306 
18363 

18414 
18471 
18534 
18564 
18595 


18676 
18705 
18729 

18765 

18806 
i6 

)2 


18926 


19022 

19054 
I9106 

I9133 
I9157 

I9199 
19234 


552 
550 

549 

547 

546 
544 

543 
541 
539 
538 
537 
536 

535 
534 
533 

532 

531 
530 
530 

529 

528 

527 

526 

525 

524 

523 

522 
522 

520 
519 


13 


'14 


18210 
18287 


1S467 
18530 

18590 


10704 


18912 

18987 
19038 

19126 

19195 
19264 


549  I 
546.8 

543-6 

541-5 
539-7 

537-9 
534-6 


530.9 


528.8 


526.7 


525-3 


522.9 


521.0 
519-1 
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\YAVE-LEXGTHS  AXD  WAVE-XXMBERS   OF  THE  ABSORPTIOX  BAXT)S 
OF  WATER-VAPOR  IX  THE  XEAR  IXFRA-RED  SFECTRUM— Continued 

REGION'   OF    2.6m 


15,000-LiNE  Grating 


7500-LiNE  Grating 


Band  Xo. 


Relative     Wave- 
[  Intensity  Length  A 


Wave  No. 
per  mm 


Band    I   Wave- 
Xo.      Length  A 


Wave  No. 
per  mm 


HiLGER  Brass  Gr.ating 


Band    1   Wave-    IWaveNo. 
No.      Length  A    per  mm 


9- 
10. 


13- 
14- 


16. 


18. 
19. 
20. 
21 . 
22. 
23- 
24- 

25- 

26. 

27- 

27I 

28. 
29. 
30. 

31- 
32- 
33- 
34- 
35- 
36. 
37- 
38. 

39- 
40. 

41- 
42. 


25235 
25262 

25311 
25352 
25425 
25469 
25520 
25608 

25636 
25688 
25727 

25760 
25803 
25830 
25864 
25880 

25940 

26008 
26046 
26066 
26090 
26123 
26161 
26196 
26256 
26295 
26325 
26385 
2641 1 
26448 
26515 

26547 
26590 
26610 
26645 
26661 
26696 
26720 
26760 

26783 

26827 

26853 
26880 


396 
395 
395 
394 
393 
392 
391 
390 

390 
389 
388 


387 
387 
386 
386 

385 

384 
383 
383 
383 
382 
382 
381 
380 
380 
379 
379 
378 
378 
377 

376 
376 
375 
375 
375 
374 
374 
373 

373 

372 

372 
372 


13 
14 

15 
16 

17 


?i 

?2 


25347  394  52 
25432  393-21 
25481   392-45 

4  25517  I  391-90 

5  25623  1  390.27 

6  25696  ,  389-17 

7  25747   388.39 


25837   387  04 


9   25941  I  385  49    5 


24850 
25040 


25490 


25760 


25920 


402.  2 
399  4 


392 -3 


388.2 


385-8 


10    26044   383  97    6    26080   383.4 


26168 
26300 

26445 
26528 

26663 
26765 
26837 


382.15 
380.23 

378.14 
376.96 

375-05 


26280  I  380.5 


} 

I 

373-62J 


372.62 


26730 


374-1 
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WAVE-LENGTHS  AND  WAVE-NUMBERS  OF  THE  ABSORPTION  BANDS 
OF  WATER-VAPOR  IN  THE  NEAR  INFRA-RED  SFECTRVM— Continued 

REGION  OF  2.6 /M — Coutiniii'd 


iS,ocx3-LiNE  Grating 


Band  No. 


43- 
44- 
45- 
46. 

47- 


49- 
50. 
51- 
52. 
53- 
54- 
55- 
56. 

57- 
58. 
59- 
60. 
61. 
62. 

63- 
64. 

6S- 
66. 

67. 
68. 
6q. 
70. 

71- 

72. 

73- 
74- 
75- 
76. 

77- 
78. 

79- 


82. 


83. 


87. 


Relative 
Intensity 


Wave- 
Length  A 


26930 
26974 
27006 
27044 
27084 

27103 
27168 
27198 
27236 
27278 
27294 
27314 
27340 
27386 

27407 

27445 
27479 
27511 

27545 
27614 
27625 

3765s 
27668 
27700 
27712 
27765 
27777 
27803 
27819 
27867 
27926 

27947 
27972 
28029 
28077 
28103 
28140 
28197 
28267 
28336 

28373 
2i 


Wave  No. 
per  mm 


28538 
28590 
28658 


371 
370 
370 
369 
369 

368 
368 
367 
367 
366 
366 
366 
365 
365 

364 
364 
363 
363 
363 
362 
361 
361 
361 
361 
360 
360 
360 
359 
359 
358 
358 
357 
357 
356 
356 
355 
355 
354 
353 
352 

352 
351 
350 
349 
348 


37 
91 
49 
04 

14 
99 
60 

43 
01 

85 
17 
01 
67 
47 
85 
09 
82 
50 
77 
16 

83 
37 
65 

77. 
91 

45 
06 

41 
77 
94 


7500-LiNE  Grating 


Band 
No. 


Wave- 
Length  A 


18 
19 


23 

24 


25 
26 

27 


31 


26936 
27002 

27093 

27193 


27395 


27544 
27623 


27784 
27866 

28031 


Wave  No. 
per  mm 


28  .  I    281C 

29 

30 


28540 


28710 


371    25 
370.34 

369.10 
367 -74 


365  03 

363.06 
362.02 

35992 
358.86 

356.75 

354.64 
352.76 
350.38 

348.31 


HiLGER  Brass  Grating 


Band 

No. 


Wave- 
Length  A 


Wave  No. 
per  mm 


27IJ 


27430 


27620 


13 


14 


16 
17 


367  9 


364.6 


362.0 


28030      356.8 


28350 
28540 

28990 
29210 
29750 


352.7 
350.4 

344.9 
342.4 
336-1 


I 
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WAVE-LENGTHS  AND  WAVE-NUMBERS  OF  THE   \BSORPTION  BANnc; 
OF  WATER-VAPOR  IN  THE  NEAR  INFRA-RED  SPECTRUM-^^^^^^^^^^ 

VXRT   OF   THE   REGION    OF   6  M 

Hilger  brass  grating 


Band  No. 


9 
lo. 
II . 
ii' 


13- 
13' 
14- 
15- 
16. 

17- 
17' 


18' 

19- 
20. 
20' 
21 . 
21' 
22. 
22' 

23- 
24. 

25- 
26. 
27. 

27'. 

28. 

29.. 

30.. 

3°'- 

31- 

31'. 

32.. 

ZZ- 

Z2,'- 

34- ■ 

35- • 

36.. 

37-. 

38.. 


Wave-Length 
A 


50220 

S0850 

51110 

51490 

51720 

52040 

52420 

52600 

52800 

52960 

53090 

53520 

54240 

54470 

54660 

55250 

55570 

55810 

56170 

56430 

56800 

56920 

57170 

57470 

57680 

58240 

58640 

58830 

58950 

59380 

59720 

59880 

60160 

60480 

60720 

61140 

61440 

61620 

61880 

62160 

62420 

62720 

62890 

63440 

63740 

63930 

64180 

64530 

64950 

65200 

65510 


Wave  No. 
per  mm 


199. 1 
196.7 

195-7 
194.2 

193  4 
192.  2 
190.8 
190. 1 
189.4 
188.8 
188.4 
186.8 
184.4 
183.6 
182.9 
181. o 

179  9 
179.2 
178.0 
177.2 
176.1 
1757 
174  9 
1740 

1734 
171-7 
170.5 
170.0 
169.6 
168.4 

167.5 
167.0 
166.  2 

165.3 
164.7 
163.6 
162.8 
162.3 
161.6 
160.9 
160.  2 

159.4 
159  o 
157.6 
156.9 
156.4 
155.8 
155.0 
154.0 

153.4 
152.6 


Distance  from 
Center,  159.6 


39.5 
37-1 
36.1 
34.6 
33.8 
32.6 
31.2 

30.5 
29.8 
29.2 
28.8 
27.  2 
24.8 
24.0 


Mean  Distance 
of  One  Pair 


23 
21 
20 
19 
18 

17 

16.5 

16.1 

^S  3 

14.4 

13.8 

12. 1 

10. 9 

10.4 

10.0 

8.8 

7.9 

7.4 

6.6 

5.7 
5-1 
4.0 
3-2 


2.0 

^■7 
3-2 

4.6 
5-6 
6.2 


12.  2 
10.8 


3  9 

3-2 
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WAVE-LENGTHS  AND  WAVE-NUMBERS  OF  THE  ABSORPTION  BANDS 
OF  WATER-VAPOR  IN  THE  NEAR  INFRA-RED  SPECTRUM— Co«/m«crf 

PART  OF  THE  REGION"  OF  6  M — Concluded 
Hilger  brass  grating 


Band  No. 


39 
40 

41 
42 
43 
44 
45 
46 


Wave-Length 

Wave 

No. 

Distance  from 

A 

per  mm 

Center,  159.6 

65730 

152. 1 

7-4 

65940 

151 

7 

7 

9 

66340 

150 

7 

8 

9 

66810 

149 

7 

9 

9 

67160 

148 

Q 

10 

7 

67520 

148 

I 

II 

5 

67920 

147 

2 

12 

4 

68280 

146 

5 

13 

I 

Mean  Distance 
of  One  Pair 


V.      QUESTIONS    OF   INTERPRETATION 

In  addition  to  her  work  with  water- vapor  mentioned  above, 
Eva  von  Bahr^  has  studied  the  absorption  of  HCl  in  the  neighbor- 
hood of  3  . 5  )U.  The  combination  principle,  with  the  quantum  dis- 
tribution of  rotation-frequencies,  has  been  appHed  by  Bjerrum^  to 
set  forth  reasons  for  the  presence  of  these  absorption  bands  of  HCl 
and  to  calculate  directly  the  size  of  energy  quanta.  However,  the 
chaotic  arrangement  of  water  bands  in  the  region  of  2  .6  ^i,  as  they 
appear  in  Fig.  5,  does  not  appear  to  satisfy  the  demands  of  these 
hypotheses,  though  the  region  has  in  a  general  way  a  center  and  a 
rough  appearance  of  symmetry.  Since  this  work  was  completed 
Mr.  E.  H.  Imes  has  mapped  the  absorption  of  HCl  at  3  . 5  /z  with  the 
apparatus  here  described,  using  an  interval  of  about  30  A  in  the 
slit  of  the  thermopile.  The  wave-lengths  are  precisely  determined 
by  the  grating,  and  a  parabolic  shift  of  the  vibration-frequency  with 
increasing  rotation-frequency  is  ver}'  -definitely  displayed.  Work 
on  HCl  showing  this  effect  has  been  published  by  Kemble  and 
Brinsmade,^  though  that  done  here  was  completed  before  their 
work  appeared.  The  curve  of  Fig.  5  does  show  a  crowding  together 
of  bands  in  the  nearer  end,  which  our  experience  with  HCl  would 
lead  us  at  least  to  consider  possible.     But  the  uncertainty,  due  to 

'  Verhandlungcn  der  deutschen  Physikalischen  Gesellschaft ,  15,  1150,  1913. 

^  Ibid.,  16,  614,  1914. 

3  Proceedings  of  the  National  Academy  of  Sciences,  3,  420,  1917. 
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the  general  complexity  of  the  curve,  as  to  which  band  should  be 
associated  with  any  other  to  make  a  pair,  and  about  the  location 
of  the  vibration  center  for  no  rotation,  has  so  far  deferred  our 
explanation.  The  third  rotation  series  mentioned  in  connection 
with  the  work  of  Rubens  and  Hettner  may  perhaps  be  appealed  to 
as  a  probable  cause  of  the  complexity  both  at  2  .6  and  6  ix. 

The  appearance  of  the  curves,  particularly  of  Fig.  5,  suggests 
that  useful  knowledge  may  be  still  further  advanced  by  an  increase 
in  dispersion.  In  the  case  of  the  2  .6  /x  region,  however,  neither  a 
liner  nor  a  larger  grating  would  serve  this  purpose ;  but  a  source  of 
greater  energy,  or  a  more  sensitive  detector,  would  enable  us  to  use 
narrower  slits.  We  hope  to  profit  by  the  use  of  a  tungsten  ribbon 
lamp  in  place  of  the  glower.  We  may  be  able  to  build  another  more 
sensitive  galvanometer. 

It  should  be  pointed  out  that  the  selective  atmospheric  absorp- 
tion near  2 . 6  and  6  jx  may  account  for  the  unexpected  weakness  or 
even  the  non-appearance  of  bright  lines  predicted  by  the  laws  of 
series  in  the  spectra  of  elements. 

It  is  hoped  to  employ  the  apparatus  in  the  further  study  of 
absorption,  and  it  may  be  that  the  behavior  of  carbon  dioxide  will 
help  to  explain  that  of  water- vapor.  The  work  here  described  was 
undertaken  at  the  suggestion  of  Professor  H.  M.  Randall,  to  whom 
the  author  makes  grateful  acknowledgment  of  his  indebtedness. 

UxrVERSITY   OF   MjCHIGAX,   PHYSICS   LABORATORY 

September  25,  191 7 


Minor  Contributions  and  Notes 


A  HELIUM  STAR  WITH  LARGE  PARALLAX,  RADL\L 
VELOCITY  (AND  PROPER  :\IOTIOX?) 

Among  the  stars  included  in  my  program  for  parallax  with  the 
meridian  circle  and  afterward  selected  for  photographic  determina- 
tion of  parallax  was  the  star  Boss  P.G.C.  1517  =^.G.C.  7234  = 
72  G  Columbae,  a  =  6''o™37^,  5=— 32°  10'  12"  (1900),  Harvard 
Mag.  5.6.  This  star,  of  type  B,  was  observed  at  Professor  Kap- 
teyn's  suggestion,  who  suspected  a  parallax  of  about  -ro''i,  un- 
usually large  for  this  type. 

The  results  obtained  from  the  photographic  determination  are: 

TT  =  -|-o!'o69  =1=  o .  006 
Ma  =  +o:'235  =0^^0185 

The  parallax  agrees  very  well  with  Professor  Kapteyn's  supposition. 
The  proper  motion  in  a,  however,  has  come  out  much  larger  than 
that  given  in  the  Boss  P.G.C,  which  was  — o!oooi. 

Mr.  R.  E.  Wilson,  of  the  D.  O.  Mills  Observatory,  was  good 
enough  to  determine  the  star's  radial  velocity,  which  he  found  from 
three  plates  to  be  +102  km  (that  is,  +83  km  corrected  for  solar 
motion  with  a  =  270°,  5  =  +32°,  Vo=  +19  km).  He  remarked  that 
the  6  lines  measured  were  fairly  broad,  but  that  the  radial  velocity 
will  not  be  more  than  5  km  in  error.  The  radial  velocity  is  a  large 
one  for  a  B-type  star,  so  that  the  star  must  have  a  considerable 
space  motion,  though  the  transverse  proper  motion  is  still  very 
uncertain. 

The  broad  lines  may  indicate  that  it  is  a  double  star  showing 
the  lines  of  both  components. 

J.    VOUTE 

FRANSCHH.A.CK,  SoUTH  AFRICA 

May  20,  1918 
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OX  THE  EXCESS  OF  OUTWARD  MOTION  OF  THE 
STARS  OF  CLASS  B 

By  C.  D.  PERRINE 

The  residual  velocities  of  the  B  stars,  after  eliminating  the  solar 
motion,  show  a  strong  positive  tendency,  so  much  so  that  it  gave 
rise  to  the  beHef  that  there  was  some  sort  of  a  constant  error 
in  the  positions  of  the  Hnes  of  their  spectra,  or  a  pressure-effect  in 
the  atmospheres  of  these  stars  which  caused  their  velocities  to 
be  observed  too  large  on  the  average  by  +4  or  +5  km. 

The  preference  of  the  B  stars  for  the  Galaxy  and  their  distance, 
together  with  the  hypothesis  that  their  great  brightness  and  pecuHar 
spectral  condition  result  from  the  action  of  cosmical  matter  in  those 
regions,  suggest  an  explanation  for  this  excess  of  outward  motion. 
It  is  that  a  process  of  selection  has  been  at  work,  that  the  B  stars 
are  those  which  have  penetrated  the  region  richest  in  such  cosmical 
matter,  and  that  the  observer  being  on  the  inside  of  such  a  ring 
of  matter  these  stars,  or  at  least  the  nearer  ones,  would  have  a 
preference  for  outward  motion.  Such  a  theory  requires  that  only 
the  stars  which  were  moving  outward  would  have  passed  into  this 
ring  of  matter  and  become  B-t}Tpe  stars,  if  we  assume  that  the 
ring  of  matter  is  very  extensive.  If  not  of  so  great  extent,  then 
some   stars   could   have   entered   from   the   outside.     Such   stars 
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would  in  general  be  approaching  the  observer  and  would  be  fainter. 
If  such  is  the  true  condition,  then  the  brighter  and  nearer  stars 
of  class  B  should  show  almost  entirely  outward  motion,  and  the 
fainter  and  more  distant  of  these  stars  might  contain  a  consider- 
able proportion  of  approaching  stars.  This  condition  would  be 
modified  somewhat  if  the  matter  were  not  circular  but  spiral,  for 
example.  In  a  pre\dous  investigation^  attention  was  drawn  to  the 
fact  that  there  was  a  progressive  change  in  the  residual  velocities 
of  stars  of  class  B,  the  brighter  ones  showdng  an  excess  of  outward 
motion,  whereas  the  fainter  stars  showed  an  excess  of  inward 
motion.  These  results  were  from  velocities  in  which  the  constant 
error  term  K  had  been  removed.  As  later  evidence  has  been 
found^  tending  to  show  that  this  term  K  is  really  an  excess  of 
outward  motion  the  foregoing  progression  indicates  not  inward 
motion  for  the  fainter  stars  but  a  smaller  excess  of  outward  motion 
for  these  stars.  A  re-examination  was  made  of  these  B  stars  in 
which  they  were  classified  with  respect  to  size  of  proper  motion 
also.     The  results  are  given  in  Table  I. 

On  account  of  the  well-known  differences  of  the  later  B  stars 
only  classes  B  to  B5  inclusive  were  used.  Three  facts  are  notice- 
able in  these  results : 

a)  Only  one  star  brighter  than  magnitude  3 .  o  is  approaching, 
and  that  is  barely  over  the  line  ( —  i  km) . 

b)  The  proportion  of  approaching  stars  increases  toward  the 
fainter  magnitudes  and  is  greater  for  the  stars  of  smaller  /jl. 

c)  The  residual  velocities  in  the  stars  of  smaller  fx  decrease 
toward  the  fainter  stars.  This  decrease  is  due  to  the  increasing 
proportion  of  stars  of  approach  among  the  fainter  stars  and  not  to 
a  general  decrease  of  outward  motion,  as  is  seen  from  the  receding 
stars  which  are  given  just  underneath  the  results  for  both  classes  in 
Table  I. 

Adams'  fist  of  the  radial  velocities  of  500  stars^  contains  27  stars 
of  classes  B  to  B5  inclusive.  With  two  exceptions  they  are  all 
fainter  than  magnitude  5  .0,  having  a  mean  of  5.4.  Of  these  10, 
or  37  per  cent,  are  approaching.     The  residual  velocity  of  the  27 

^  Astrophysical  Journal,  41,  319,  1915.  ^  Ibid.,  44,  244,  1916. 

^  Mt.  Wilson  Contr.,  No.  105;  Astrophysical  Journal,  42,  172,  1915. 
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is  +2.2  km  and  of  the  17  receding  stars  +9.3  km.  These  agree 
well  with  the  results  in  Table  I. 

The  results  in  Table  I  are  shown  graphically  in  Fig.  i,  where 
the  curves  A  and  C  relate  to  magnitude,  B  and  D  to  ju. 

The  foregoing  results  led  to  an  examination  of  the  galactic 
stars  of  other  spectral  classes  with  a  view  to  discovering  if  this 
preference  of  approaching  motions  for  the  fainter  and  more  distant 
stars  is  a  general  phenomenon  or  is  confined  to  the  B  stars.     Like 
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the  preceding  this  examination  was  first  limited  to  Campbell's 
L.O.  catalogues  because  they  represent  all  parts  of  the  sky.  Only 
the  nmnbers  of  stars  are  considered  in  this  case,  the  residual  veloci- 
ties being  left  for  later  investigation,  largely  on  account  of  the 
few  stars  available  in  some  of  the  spectral  classes.  The  results 
are  given  in  Table  11.  They  show  that  there  is  essentially  no 
preference  of  the  galactic  stars  of  spectral  classes  A,  F,  G,  K,  and  M 
for  positive  velocities,  the  distributions  being  as  uniform  between 
positive  and  negative  velocities  as  can  be  expected  from  the  nature 
of  the  data.  The  number  of  the  brighter  stars  in  class  M  is  too  small 
for  the  predominance  of  positive  velocities  to  have  any  signifi- 
cance in  the  face  of  the  uniformity  shown  by  the  larger  number  of 
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the  fainter  stars  of  the  same  class.  The  intermediate  position  of  the 
B8  and  B9  stars  is  noticeable  but  of  small  weight  on  account  of  their 
small  number.  I  conclude,  therefore,  that  among  the  852  galactic 
stars  examined  only  the  B-type  stars  show  a  numerical  preference 
for  receding  velocities,  all  of  the  other  types  showing  no  preference 
either  for  receding  or  approaching  motions. 


TABLE  II 

According  to  Direction  of  Motion 

Campbell's  L.O.  Cat.\logxjes.    Galactic 


3 .  g  AND  Brighter 

4 . 0  AND  Fainter 

Spectral 
Class 

Receding 

Approaching 

Receding 

Approaching 

Total  No. 
OF  Stars 

No. 

Percent- 
age 

No. 

Percent- 
age 

No       Percent- 
age 

No. 

Percent- 
age 

B-B5 

B8-B9 

A 

F 

60 

5 
10 

13 

5 

42 

(9 

92 
83 
36 
52 
33 
49^ 
82) 

5 

I 

18 

12 

10 

(  2 

8 
17 
64 
48 
67 

?8) 

81 
16 
41 
43 
36 
103 
17 

71 
59 
49 
47 
49 
52 
55 

33 
11 

42 
48 
38 
94 
14 

29 
41 
51 
53 
51 
48 

45 

179 

III 
116 

G 

K 

M 

89 

282 
42 

Among  the  stars  of  class  A  of  magnitude  3 . 9  and  brighter 
there  is  a  preponderance  of  negative  velocities,  but  the  number 
of  stars  is  too  small  to  justify  further  consideration  at  the  present 
time. 

An  examination  of  the  stars  in  the  non-galactic  regions  appears 
to  show  essentially  the  same  distributions  with  respect  to  the 
numbers  of  stars  receding  and  approaching  as  in  the  galactic  regions 
for  the  classes  later  than  B.  In  consequence  of  this  indication 
the  500  stars  of  Adams'  ^Mount  Wilson  catalogue  were  classified 
wdth  respect  to  the  numbers  of  stars  having  velocities  of  recession 
and  approach,  with  the  results  given  in  Table  III.  The  early 
B-t\^e  stars  show  a  small  preference  for  receding  velocities, 
agreeing  in  general  with  the  results  from  Campbell's  catalogues. 
The  A-type  stars  show  a  small  preference  for  receding  velocities  but 
hardly  enough  to  justify  remark.  The  later  B  and  the  classes 
F,  G,  K,  and  ]\I  may  safely  be  concluded  to  show  no  real  preference. 
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The  results  of  Tables  II  and  III  for  the  approaching  stars  are 
shown  graphically  in  Fig.  2.  Curves  A  and  B  refer  to  the  stars  of 
magnitude  3 . 9  and  brighter  and  4 .  o  and  fainter,  respectively,  of 
Campbell's  L.O.  catalogues.  Curve  C  refers  to  the  stars  of  Adams' 
Mount  Wilson  catalogue.     The  curves  for  the  receding  velocities 

TABLE  III 

According  to  Direction  of  Motion 
Adams'  Mount  Wilson  Catalogue 


Spectral 

Receding 

Approaching 

Total  No. 

Types 

No. 

Percentage 

No. 

Percentage 

OF  St.A-RS 

B-Bs 

B6-B9 

A 

F 

G 

K 

M 

17 
34 
80 

17 
47 
39 
23 

63 
Si 
58 
45 
49 
45 
51 

10 
30 
58 
21 

49 
48 
22 

37 
47 
42 
55 
51 
55 
49 

27 
64 
138 
38 
96 

87 
45 

are  simply  reversals  of  these  curves.  An  examination  of  the 
velocities  of  approach  shows  a  larger  value  for  the  more  distant 
stars  of  class  B-B5  than  for  the  nearer  ones.  The  results  are 
given  in  Table  IV. 

TABLE  IV 


Small  /i 

Large  /x 

Mag. 

No.  of 

Stars 

V 

iJ- 

Mag. 

No.  of 

Stars 

V 

M- 

Campbell's  L.O.  cata- 
logues 

Z^o  to  3^9 

4.0  to  4.9 

5 . 0  and  fainter. .  .  . 
Adams'   Mount   Wil- 
son catalogue.  .  . 

3-8 
4-5 
5-2 

5-6 

I 

17 

7 

6 

km 

-  II .  2 

-  7-8 

-  8.1 

-"•3 

o''oio 

•  015 
.017 

.020 

3-4 
4-4 
5-6 

4-5- 

3 

7 

4 

km 
-4.2 
-4.1 
-6.4 

-7-7 

0*051 
.047 
.040 

.042 

Mean 

31    . 

-  8.7 

16 

-5-3 



This  would  be  in  accordance  with  the  theory  that  the  approach- 
ing stars  of  early  class  B  have  entered  the  ring  of  cosmical  matter 
from  the  outside  and  that  their  velocities  have  been  retarded.     The 
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amount  of  data  is  too  small,  however,  to  place  any  great  confidence 
in  the  result,  notwithstanding  its  apparent  consistency,  or  to  dis- 
cuss its  bearing  further  at  the  present  time. 

The  results  in  Table  I  show  a  progressive  increase  in  the  pro- 
portion of  stars  with  negative  velocities,  as  the  stars  become  fainter. 
Whether  this  is  real  or  whether  it  is  really  an  effect  of  distance  only 
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cannot  be  determined  at  present.  The  proper  motions  of  the 
stars  of  class  B  are  all  so  small  that  there  must  be  great  uncertainty 
in  them  and  it  may  be  that  magnitude  is,  in  this  case,  a  better  gauge 
of  distance  than  the  size  of  proper  motion.  Direct  determinations 
by  parallactic  displacement  for  these  stars  seem  hopelessly  beyond 
our  present  means.  In  Table  I  the  positive  velocities  considered 
alone  show  a  small  increase  with  decreasing  magnitude.  Table  IV 
indicates  a  similar  effect  in  the  negative  velocities  considered 
separately.  The  amount  of  material,  however,  seems  to  be  too 
small  to  justify  classification  \\dth  respect  to  elhpsoidal  regions 
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which  were  shown  in  a  recent  paper^  to  appear  to  have  caused 
some  of  the  magnitude-velocity  effect. 

The  residual  velocities  used  in  this  paper  may  be  considered  to  be 
derived  using  a  solar  motion  of  20  km  toward  0  =  270°,  6  =+30°. 
The  directions  and  velocities  actually  used  differ  sHghtly  in  some 
cases  from  the  above  but  are  generally  within  ^  km  and  1°  of  these. 

BEARING   OF   THIS   INVESTIGATION   ON   K   TERM 

The  results  of  this  investigation  have  a  bearing  upon  the  inter- 
pretation to  be  put  upon  the  term  K  which  has  been  found  in  the 
solutions  for  solar  motion  from  radial  velocities.  This  term  may 
be  defined  as  the  excess  of  velocity  with  respect  to  algebraic  sign 
after  the  elimination  of  solar  motion.  Campbell  found  large 
positive  values  for  this  term  for  the  spectral  classes  B,  K,  and  M 
and  no  appreciable  values  for  the  stars  of  classes  A,  F,  and  G,  from 
his  solutions  from  about  1 200  stars  in  all  parts  of  the  sky.^  Using 
essentially  the  same  apex  of  solar  motion,  Adams  from  his  500 
stars  found  a  much  reduced  value  for  B,  negative  (generally  small) 
values  for  A,  F,  and  K,  and  neghgibly  small  positive  values  for 
classes  G  and  M.^ 

The  writer  found''  that  a  few  regions  (about  one-third  of  the 
whole)  gave  consistently  larger  positive  velocities  in  the  three 
spectral  classes  B,  K,  and  M,  and  that  if  these  were  omitted  there 
remained  Httle  or  no  positive  residuals  for  the  remaining  two-thirds 
of  the  stars. 

The  results  obtained  in  the  first  part  of  the  present  paper  indi- 
cate a  fundamental  difference  in  the  distributions  of  the  velocities 
of  recession  and  approach  between  the  stars  of  class  B  and  the  later 
spectral  classes.  Interpreted  directly,  this  further  indicates  in  my 
opinion  a  lack  of  sufficient  constancy  for  the  term  K  to  be  ascribed 
to  any  physical  cause  and  to  strengthen  the  conclusion  that  these 
excess  velocities  are  chiefly  motion. 

'  Aslrophysical  Journal,  46,  266,  191 7. 

^  Lick  Observatory  Bulletin,  6,  104,  127,  191 1. 

3  Mt.  Wilson  Contr.,  No.  105,  p.  20. 

*  Aslrophysical  Journal,  44,  244,  1916. 
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CON'CLUSIOXS 

I.  The  stars  of  class  B,  particularly  those  early  in  the  class, 
after  the  eHmination  of  solar  motion,  show  a  marked  preponderance 
of  outward  motions. 

II.  The  motions  of  the  B  stars  of  magnitude  2.9  and  brighter 
which  were  investigated  are  essentially  all  outward.  In  the  stars 
of  magnitude  3  .  o  and  fainter  the  proportion  of  stars  with  velocities 
of  approach  increase  for  the  fainter  magnitudes  and  \^'ith  the 
smaller  proper  motions. 

III.  The  average  velocities  of  recession  appear  to  be  essentially 
the  same  for  all  distances,  as  indicated  by  size  of  proper  motion,  but 
to  increase  sHghtly  with  decrease  of  brightness. 

IV.  In  the  spectral  classes  A,  F,  G,  K,  and  ]\I  no  preference  is 
shown  for  either  velocities  of  recession  or  approach  in  either 
galactic  or  non-galactic  regions. 

V.  The  observed  distributions  of  the  velocities  of  approach  and 
recession  in  the  B  stars  can  be  explained  upon  the  M-pothesis  that 
the  pecuhar  spectral  condition  of  the  B-tj-pe  stars  is  due  chiefly 
to  a  ring  of  distant  galactic  cosmical  matter,  and  that  the  nearer  and 
brighter  of  these  stars  have  entered  this  ring  in  general  from  the 
inside,  whereas  a  considerable  proportion  of  the  fainter  and  more 
distant  ones  have  entered  from  the  outside. 

Observatorio  Xacioxal  Argentixo,  Cordoba 
January-  29,  1918 


STUDIES  BASED  ON  THE  COLORS  AND  MAGNITUDES 
IN  STELLAR  CLUSTERS^ 

SEVENTH  PAPER:    THE  DISTANCES,  DISTRIBUTION  IN  SPACE, 
AND  DIMENSIONS  OF  69  GLOBULAR  CLUSTERS 

By  HARLOW  SHAPLEY 

I.      PARALLAXES    FROM    VARL\BLE    STARS,    APPARENT    MAGNITUDES, 
AND   ANGULAR  DIAMETERS 

Applying  the  methods  discussed  in  the  preceding  Contribution^^ 
the  parallaxes  of  a  few  clusters  are  obtained  directly  from  the  periods 
and  magnitudes  of  Cepheid  variables;  the  parallaxes  of  a  con- 
siderably larger  number  are  derived  from  the  mean  magnitudes  of 
the  brightest  cluster  stars,  and  the  survey  is  then  made  complete 
through  measures  of  diameters  of  the  photographic  images  of  all 
globular  systems.  In  Table  I  are  listed  the  clusters  for  which 
the  variable  stars  have  received  a  sufficiently  detailed  discussion 
to  permit  a  determination  of  the  parallax  directly  from  the  lumi- 
nosity-period curve  of  Cepheid  variation.  The  apparent  diameters 
and  the  adopted  parallaxes  are  taken  from  tables  appearing  on 
following  pages ;  the  method  of  weighting  the  results  is  also  subse- 
quently described. 

The  parallaxes  for  jMessier  3,  5,  15,  and  22,  depending  almost 
entirely  on  the  median  magnitudes  of  numerous  variable  stars, 
are  the  most  accurate.  The  computed  probable  error  of  the  abso- 
lute magnitude  is  =*=o.2;  that  of  the  apparent  magnitude  is 
estimated  to  vary  from  =•=  o .  05  for  Messier  3  to  possibly  ±0.2 
for  Messier  22.  The  corresponding  limits  of  the  probable  error  of 
the  parallaxes  are  ±©''000007  '^rid  =to!'ooooi5,  that  is,  10  and  13 
per  cent,  respectively. 

For  most  other  clusters,  of  course,  the  errors  are  somewhat 
greater,  particularly  for  those  where  the  parallax  depends  solely 
upon  either  the  magnitudes  of  the  brightest  stars  or  the  measured 

'  Conlribulions  from  the  Mounl  Wilson  Solar  Observatory,  No.  152. 
2  Mt.  Wilson  Contr.,  No.  151. 
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diameter  on  photographic  charts.     For  the  former  the  estimated 

average  probable  error  is  20  per  cent,  for  the  latter  25  per  cent.' 

When  two  or  three  sources  are  available,  as  in  Tables  1  and  V,  the 

errors  are  less;    but  in  Table  I  the  different  parallaxes  for  each 

cluster  are  not  all  completely  independent,  as  they  were  used  in 

part    to    determine    the    reduction    constants    and    curves.     The 

residuals  in  the  last  column  of  Table  I  are  expressed  in  millionths 

of  a  second  of  arc,  and  their  minuteness  indicates  the  vahdity  of 

the  methods  involving  diameters  and  the  magnitudes  of  the  bright 

stars. 

TABLE  I 

Comparison'  of  Cluster  P.\rall.axes  from  Variables,  ^Magxitldes,  .axd 

Dlameters 


Designation 


N.G.C. 


Messier 


Apparent 
Diameter 


PARAiLAX  (Unit  Is  oToooooi) 


Adopted 


From      1  From  Mag- ,      From 
Variables  i     nitudes      Diameters 


5904- 
6205. 
6656. 


13 


7.0 
8.6 
10.6 
16.0 
50 
7.0 


5139 

Small  Magellanic 
Cloud 


72 

72 

80 

80 

90 

82: 

118 

116 

68 

67 

64 

65 

X53 

150 

^^ 

52 

71 
80 
89 

121 
69 
60 

170: 


72 
81 

91 
116 

59 

72 

155 


o,  o,    +1 

-8:,-  I,  +1 
-2,  +  3,  -2 
—  I,    +   I.    —9 

+  1,  -  4,  +8 
-3,    +17:, +2 


The  parallax  of  the  Small  Magellanic  Cloud,  which  is  given  at 
the  end  of  Table  I,  is  relatively  uncertain,  for  the  value  from  vari- 
ables can  be  checked  by  neither  diameter  measures  nor  maximum 
luminosities,  and  the  zero -point  error  in  the  provisional  magnitude 
scale  used  by  Miss  Leavitt  is  unknown.^ 

'  These  estimates  appear  to  be  safely  conservative.  After  the  smoothing  opera- 
tion, described  on  a  later  page,  much  smaller  average  errors  are  obtained  for  the  final 
parallaxes  in  Tables  V  and  VIII,  thus,  including  the  10  per  cent  probable  error  in  the 
parallaxes  due  to  uncertainty'  of  the  zero-point  of  the  absolute  scale,  the  average 
probable  error  for  all  clusters  is  estimated  to  be  less  than  15  per  cent.     Cf.  Table  VII. 

2  See  sec.  Ill  of  the  preceding  Contribulion.  Previous  values  for  the  parallax  of 
the  Small  ^Magellanic  Cloud  are:  Hertzsprung,  7r  =  o"oooi,  Astronomische N achrichten , 
196,  204,  1913;  KaptejTi,  7r  =  o''oooo4,  Mt.  Wilson  Contr.,  Xo.  82,  71,  1914;  Shapley, 
7r  =  o ''00006,  Mt.  Wilson  Contr.,  Xo.  116,  82,  1915.  The  new  value  in  Table  I  is 
probabl}-  an  improvement  over  the  others  because  it  allows  for  diversity  in  color  of 
the  variable  stars  and  is  based  upon  more  definite  knowledge  of  their  absolute  mag- 
nitudes. 
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In  the  preceding  paper  we  found  from  the  study  of  the  bright 
stars  and  variables  in  several  clusters  that,  after  excluding  the 
five  brightest,  the  mean  absolute  photographic  magnitude  of  the 
25  most  luminous  objects  is 

if 25=  —I.  51  ±0.28. 

Adopting  this  value,  we  have  derived  from  measures  of  apparent 
magnitude  the  distances  of  practically  all  clusters  north  of 
declination  —30°,  the  southern  limit  reached  with  the  60-inch 
reflector. 

Of  300  cluster  photographs  taken  during  the  last  three  years  as  a 
part  of  the  program,  about  175  have  been  measured  for  the  magni- 
tudes of  either  the  bright  stars  or  the  variables;  but  the  material 
is  too  extensive  to  describe  in  detail.  Nearly  all  of  the  photographs 
were  made  with  full  aperture  and  on  Seed  27  plates  of  various  emul- 
sions. The  exposures  vary  in  length  from  10  seconds  to  2  hours, 
but  are  mostly  between  i  and  12  minutes  in  duration.  For  the 
clusters  south  of  —20°  the  altitude  was  frequently  so  low  that 
plates  with  first-class  images  could  not  be  secured.  Mr.  Hoge  has 
assisted  with  all  the  observational  work. 

A  summary  of  the  work  on  each  cluster  is  given  in  Table  II. 
The  designation  in  the  first  column  is  followed  in  the  second  with 
numbers  indicating  the  total  number  of  plates  used  in  all  phases 
of  the  work  and  those  used  in  the  derivation  of  the  mean  magni- 
tude. For  the  latter  purpose  the  plates,  with  few  exceptions, 
involve  direct  polar  comparisons  on  two  or  more  nights ;  the  images 
of  between  50  and  100  cluster  stars  and  of  between  20  and  50 
Polar  Standards  were  measured  at  least  twice  on  each  plate;  and 
the  measures  were  corrected  as  usual  for  scale,  distance  from 
center,  and  differential  atmospheric  extinction.  As  the  measures, 
reductions,  and  discussion  cannot  well  be  given  for  the  individual 
clusters,  the  method  of  work  is  illustrated  merely  with  a  summary 
of  the  final  magnitudes  for  the  bright  stars  in  Messier  2  (Table  III) 
and  Messier  53  (Table  IV). 

The  radius  of  the  concentric  region  in  which  all  bright  stars 
were  measured,  given  in  the  third  column  of  Table  II,  does  not 
closely  indicate  the  apparent  size  of  the  cluster  either  actually 


COLORS  AXD  MAGNITUDES  IX  STELLAR  CLUSTERS 


157 


m 

!d 
h 

a 

S 

< 

2 

< 

0    CO  00    10 

0  0    vo  voO  00    M 

t;1-0)    0    Ov-^t^t^O)    0    M    rl-O    -^COO    OC 

•^    M     0     VO    0     t^CO     CO    0     0   CO     W     0     CO30     l-ICO-^MMOCSO)lHWMlOt>.rt 

to 

rj-oioc-*        coMOOOoOMO   100  OOOO    0)00   o)   loOOioxO'^MOO   r^ 

•^0    Ok~.0<30OO0    com    moo    m    0    cOt^M    cO'^m    mi^m    n    m    m    CSlrjO    •<<• 

01                                   M      M                         M                                                                         M 

■> 

©■^OOO           OOwOOO^OOOOvO'^OMM'O'NlONMvOTflNOCcOO 

Tj-oOioO)ir)C\'<4-OOoOMOcOOOO)cou^MM'^o)MMMCsri-r^Tf 

CO                                M      M                         M                                                                         M 

OJ    rj-  M   ic  vooo    10  <o  0    O)    O^ 

M                               ^    M     M              d     M 

vo               10               vo  vo         vo 

0    0000    mOvommOO)mo)    MO)  \C30O 

M          '                                                             O) 

r- 

'^"*"^-='^  'S  '3"«  ^j-a<i"^  vi-a  •o'^-s-a-a  u  «-^  vj  u  u-s  *■<;  ^j 

0) 

Bi 

g 

H 

5 
0 

< 

6 

s 

< 

OS 

C3 
0 

s 

1 

Tf   <N     COO        •     10  t^    CN   0     <M     M     r^OO  00  0     TfvO     M     0  0     100     0     »0   M     0     "^^O     "^ 

Of~0\oi      •Tl-csO'*Ovcoco  cooo    w    •*00    m\0    -^lOtot^cOM    cs    lot^O 

to  100   vo     •   -+  •^  10  ■*  CO  TfvO   •^  to  Tj-  r^  10  100  0   co>0   10  t^\o  0    ■*  ■*  10 

llll-llllllllllllllllllllllll 
OOMCO'^     •<N'<^O)00    100    0    >O00    00    10  0\  0    M  00    1000  0    CO  CO  CO  10  r~ 
COOMO     •0^t^f^MTl-ioOc00O0000'«J-C7v>o  too    0  t^  CO  10  M    0)    t^ 

Tj-loO    Tt-     •    coco-^cococoiocoiocoo    'rt  '^  m  \n  Oi    V0t}-O    >J^^O^-^co 

ft 

>' 

< 

\0    cooo    0\     •    CO  1000    >o  M    M    CO  -^vO    CO  ■*  Tj-O    O^O    OOvO    cOOvt^M    ot^ 

MMMO         -MMOcOMOlMOJMiHMClMMMMtHOIl-ll-lM-lOO) 

0000    -oooooooooooooooooooooooo 
■H             :                                                                           4i 

c 

M   0-00   t^"    CO  r^co    Tj- Lo  t^oo  0    M  0  vo    "*  t^  o)    r^oo    OmOOJMmwco 
00    <M    10  0    CO  oi    OvoO  00    r^O\M    0000    M    -^00    0)OOMcoOr^O>  coO  O 

Tj-  100    10  0)    rj-  CO  ■*  CO  CO  coo    »*  10  CO  t^  vo  -^O  O    coO    10  f^  lo  w-j  tj-  tJ-  "Ti- 

"- ' 

1 

PS 

■^   M     M     10 

vo                   vo                         vo  vo                                     vo 

OtJ-coOOO    0)   vo'^I^-H   vocoo)    M    voM    0)    M    cOcoO    -^O) 

a 

H 

< 
•J 

6 
12; 

C^O<0)0)(NtJ-COMM'+0)OJMC»COPJMCOO)0)COCSO>CSCOO)COCOCO 

N    co-^O)   covocoM    coiocN    COO)    0)    COO)    0)    COO)    coo"  100    04   vo  rC  tC  rC  -^ 

00   -*  t^  ^  c 
00    0    •*  0)    c 

01  a-  M  0  M 

^  0)    Tj-  CO  M   vooo    Ov'+COMO    0)vO00    0)0    o)    O\Tt-rl-M00    00> 

■jt^O    O^O)    0    M    o)   vocO'^voO    01    co-*voM    t^o    cooo   r^oo    O 

0)OOmo)0)Oiojcococo  -^O  0  0  vO   t^  J^OO    0>  C^  0    0    0 

1  vo  VOO  000000000\0\00000000    t^r^t^ 

158  HARLOW  SHAPLEY 

or  relatively.     The  basis  of  its  choice  has  been  described  in  the 
fifth  section  of  the  preceding  paper. 

TABLE  III 

Magnitudes  of  Bright  Stars  in  Messier  2  (N.G.C.  7089) 


Star* 


I. 

2. 

3- 
4- 
5- 
6. 

7- 
10. 
II. 
13- 
14- 
16. 

17- 
18. 
19. 
20. 
21 . 
23- 
25- 
26. 
27. 
28. 
29. 
30- 
31- 
33- 
36. 
39- 
40. 

43- 


Photographic  Magnitudes 


3883P 


3Q02P 


14- 

09 

14- 

68 

14- 

65 

13- 

54 

14- 

87 

14- 

77 

14 

73 

14 

60 

14 

80 

14 

68 

14 

65 

14 

68 

13 

61 

14 

34 

14 

29 

13 

54 

14 

68 

14 

77 

14 

57 

14 

65 

13 

60 

14 

33 

14 

73 

14 

57 

14 

73 

14 

52 

14 

65 

14 

73 

14 

■73 

14 

•65 

14. 16 

14 -59 
14.64 

13-57 
14.69 
14.69 
14.69 
14.49 
14.72 
14.69 

1457 
14.66 
14.19 
14-56 
Contactf 
13-78 
14.69 
14.69 

14-54 
14.72 
14.02 
14.40 

14-85 
14.72 
14.72 
14.69 
14.69 
14.66 
14.66 
14-59 


3904P 


14 
14 
14 
13 
14 
14 
14 
14 
14 
14 
14 
14 
13 
14 
14 
13 
14 
14 
14 
14 
13 
14 
14 
14 
14 
14 
14 
14 
14 
14 


04 

53 
70 

71 
62 

65 
6S 
51 
70 

57 
61 

57 
92 
31 
17 
70 

57 
57 
57 
57 
99 
23 
70 

46 
57 
40 
46 
72 
53 
49 


Means 


RESIDD.\LSt 


Bright 
14.60 
14.66 
Bright 

14-73 
14.70 
14.69 
14-53 
14-74 
14.65 
14.61 
14.64 
Bright 
14.40 

14-23 
Bright 
14-65 
14.68 
14-56 
14-65 
Bright 
14-32 
14.76 
14-58 
14.67 

14-54 
14.60 
14.70 
14.64 
14.58 


Mean 14 .  60 


+  8,-    I,-   7 
—   I,  -    2,+  4 


+  14,  - 
+  7,- 
+  4, 
+  7,- 
+  6, - 
+  3,+  4, - 
+  4,-4, 
+  4,+   2, - 


4,-11 
1,-5 
0,-4 
4,-2 

2,-4 


—   6, +16,  —   9 
+  6,  .  ...,-   6 


+  3,+  4,-  8 

+  9,+  I, -II 

+   I,  —  2,  -+-   I 

o,  +  7,  -  8 


+  i,+  8,  -  9 

-  3,+  9,-   6 

-  I,  +14,  —12 

+  6,+  5,-10 

-  2, +15,  —14 
+  5,+  9,-14 
+  3,-  4,+  2 
+  9,4-  2,  -II 
+  7,  +   I,-  9 


Devi.\tion 


+  6 


+  13 
+  10 

+  9 

-  7 
+  14 
+  5 
+  I 
+   4 


—  20 
-37 


+  5 

+  8 

-  4 

+  5 


-28 
+  16 

—  2 

+   7 

—  6 
o 

+  10 
+  4 

—  2 


Mean ±0.09 


*  Stars  fainter  than  the  brightest  thirty  are  omitted. 

t  Residuals  and  deviations  from  mean  expressed  in  hundredths  of  a  magnitude. 

X  Cluster  star  in  contact  with  a  Polar  Standard. 


For  the  average  cluster  the  mean  value  of  the  photographic 
magnitude,  in  the  fourth  column,  depends  upon  about  500  measures. 
Its  estimated  probable  error  varies  from  two-  to  four-tenths  of  a 
magnitude,  the  principal  uncertainty  coming  from  possible  non- 
homogeneity  of  the  clusters  and  from  the  error  in  choosing  the 
area  to  be  measured.     The  average  deviation  shows  the  dispersion 
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of  the  magnitudes  entering  the  mean,  but  gives  Httle  indication 
of  the  certainty  of  the  result;  the  extremes  also  show  the  disper- 
sion, and  the  upper  Hmit  records  the  highest  luminosity  of  the 
individual  stars. 

TABLE  IV 
Magnitudes  of  Bright  Stars  ix  Messier  53  (X.G.C.  5024) 


Photographic  Magxitxjdes 


Star* 


2357P 


2568P 

14.98 

15 

21 

15 

01 

14 

93 

1=; 

10 

15 

26 

15 

26 

14 

93 

14 

91 

15 

21 

14 

88 

14 

57 

15 

21 

14 

93 

14 

57 

IS 

01 

14 

83 

13 

18 

15 

24 

15 

10 

15 

07 

15 

14 

14 

93 

15 

33 

15 

03 

15 

10 

15 

13 

15 

03 

15 

01 

15 

04 

RESIDUAI-St 


Devxatiox 


Means 


4- 
6. 

7- 
9- 
II. 
12. 
13- 
IS- 
16. 

17- 
18. 
20. 
22. 
24. 
26. 
27. 
28. 
29. 
30. 
31- 
32. 
33- 
34- 
35- 
36. 
37- 
38. 
42. 

45- 


15 

03 

15 

25 

14 

99 

14 

97 

14 

95 

15 

17 

15 

10 

15 

00 

15 

03 

15 

03 

15 

03 

14 

50 

15 

27 

15 

15 

14 

87 

15 

05 

15 

05 

12 

90 

15 

28 

14 

95 

15 

03 

15 

30 

15 

05 

15 

15 

14 

94 

15 

05 

15 

05 

15 

05 

14 

94 

14 

94 

14 


18 

.96 

■97 

12 

Bright 

Bright 

15-24 

15  04 

Bright 

15.03 

Bright 

Bright 

26 


+  3,-2 

+     2,-2 

-  I,+     I 
+     2,-2 

-7,4-8 

-  5,+  4 

-  8,+  8 

+  4,-3 
+  6,-6 

-9,-1-9 


+  15 

—  8 

—  12 

—  6 

-f-14 
+10 

—  12 

—  II 

+  4 


+  3,-3 
+11,  -II 

+  16 

-  4 

-1-2,-2 

—  5 

+  2,-2 

-  7,+  8 

-  2,  +     2 

+  8,-8 

+  6,-6 

-  9,  +  9 

-  4,+  5 

-  3,  +   2 

-  4,  4-   4 
+  1,-1 

-  4.+  3 


+  18 

-  6 

-  3 
+  14 

-  9 
+  16 

-  10 
+  o 
+   I 

-  4 

-  10 

-  9 


Mean. 


15.08 


Mean ±0.09 


*  Stars  fainter  than  the  brightest  thirty  are  omitted. 

t  Residuals  and  de\'iations  from  mean  e.xpressed  in  hundredths  of  a  magnitude. 

Adding  the  difference  between  the  brighter  extreme  and  the  mean 
magnitude  to  the  adopted  absolute  value  of  the  latter,  we  get  the 
maximum  brightness  in  each  cluster.  Thus  we  find  that  the  highest 
photographic  luminosity  never  exceeds  magnitude  —2.5  (unless 
some  of  the  excluded  five  are  actually  cluster  stars),  and  the  maxi- 
mum usually  falls  shghtly  below  —  2.     Contrary  to  expectation,  the 
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mean  magnitude  is  nearer  the  brighter  extreme  in  nearly  one-third 
of  the  clusters,  suggesting  that  among  the  giants  the  number  of  stars 
does  not  always  increase  regularly  with  decreasing  luminosity. 

In  the  seventh  column  of  Table  II  weights  are  assigned  each 
cluster  on  the  basis  of  the  quahty  of  the  plates,  their  number,  the 
character  of  the  surrounding  stellar  field,  the  certainty  of  the 
result  for  the  mean  magnitude,  and  other  factors.  The  remaining 
columns  are  described  later.  Except  to  remark  that  the  plates 
for  N.G.C.  5139  {oi  Centauri)  were  made  with  the  lo-inch  refractor 
and  (because  of  the  very  low  altitude)  are  of  little  value  except 
as  a  check  on  Bailey's  magnitudes,  further  space  will  not  be  taken 
for  the  extensive  notes  compiled  relative  to  the  pecuharities  of 
individual  clusters,  the  observations,  the  measures,  and  the  investi- 
gations of  errors. 

The  equatorial  and  galactic  co-ordinates,  the  parallaxes,  and 
the  co-ordinates  in  space  of  the  28  globular  clusters^  for  which 
magnitudes  have  been  measured  appear  in  Table  V.  For  a  few 
clusters  the  values  of  the  parallax  in  the  sixth  column  are  taken 
from  Table  I  and  for  the  remainder  are  computed  directly  from  the 
mean  magnitudes  of  Table  II. 

If  we  plot  the  parallaxes  derived  from  magnitudes  against  the 
diameters  of  the  clusters,  as  recorded  by  Melotte,^  a  very  definite 
progression  of  size  with  parallax  is  apparent.  Melotte's  estimates 
were  made  directly  from  the  original  Franklin-Adams  chart  plates; 
but  there  is  no  record  of  what  accuracy  was  sought  or  what  homo- 
geneity may  be  expected  in  the  results.  Accordingly  the  diameters 
have  been  redetermined  from  the  photographic  copies  of  the  plates 
with  the  special  purpose  in  view  of  obtaining  results  as  nearly  com- 
parable as  possible  for  all  parts  of  the  sky.  Measures  of  the  diam- 
eters of  the  images  were  made  independently  by  two  observers,  using 
a  finely  divided  scale  under  low  magnification.     By  estimating  the 

'  N.G.C.  6642  is  retained  in  the  table  as  a  twenty-ninth  entry.  Melotte,  with 
some  doubt,  classifies  it  as  a  globular  cluster;  Bailey  thinks  that  its  stars,  few  in 
number,  are  involved  in  nebulosity.  Mount  Wilson  plates  show  a  few  stars  closely 
crowded,  but  almost  certainly  not  forming  a  typical  globular  cluster.  The  group  is 
in  a  rich  galactic  field. 

^  Memoirs  of  the  Royal  Astronomical  Society,  60,  Part  5,  1915. 
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elongation  of  similarly  situated  bright  stars  corrections  have  been 
made  for  distortion  when  a  cluster  is  near  the  edge  of  the  chart  ;^ 
and  to  counteract  the  frequently  observed  actual  ellipticity  of 
figure  the  mean  of  the  diameters  in  several  directions  has  been 
determined  for  all  clusters.  The  last  three  columns  of  Table  II 
contain  these  closely  agreeing  measures  and  their  mean,  thus 
affording  a  fairly  homogeneous  record  of  relative  apparent  dimen- 
sions. The  diameters  estimated  from  the  original  plates  are  usually 
larger,  as  would  be  expected,  but  even  they  fall  short  of  the  actual 
dimensions  for  many  clusters. 

Plotting  the  adopted  diameters  of  the  last  column  of  Table  II 
against  the  parallaxes  derived  from  magnitudes  in  Table  V,  we 
obtain  the  curve  in  Fig.  i — a  curve  that  demands  and  apparently 
justifies  the  hypothesis  that  all  globular  clusters  are  of  nearly  the 
same  linear  dimensions.  There  is  no  reason  for  supposing  that  the 
more  distant  clusters  are  actually  and  systematically  smaller  than 
nearer  ones;  hence,  as  is  reasonable  a  priori,  the  non-linear  form 
of  this  curve  may  be  attributed  to  the  characteristic  distribution 
of  luminosity  in  a  cluster  and  its  resulting  effect  on  photographic 
reproduction.  Normal  points  for  the  data  underlying  the  figure 
are  given  in  Table  VI  and  are  plotted  as  black  circles.^  The  lower 
part  of  the  curve  is  somewhat  uncertain,  depending  only  on  Mes- 
sier 2  2  and  oj  Centauri,  but  the  uncertainty  is  not  important,  for 
only  two  or  three  clusters  are  large  enough  to  make  their  parallaxes 
depend  on  that  part  of  the  curve. 

Undoubtedly  an  improvement  can  be  made  in  at  least  some  of 
the  parallaxes  through  the  process  of  smoothing  with  the  aid  of  the 

^  Many  of  the  clusters  appear  on  two  or  more  charts.  The  differences  in  quality 
from  plate  to  plate,  which  may  be  greater  for  the  charts,  are  not  nearl}'  so  effective 
in  measures  of  angular  diameter  as  they  would  be  in  estimates  of  magnitudes.  For- 
tunately about  go  per  cent  of  the  clusters  are  on  the  Johannesburg  plates,  which 
attain  a  fainter  limit  of  magnitude  and  are  more  uniform  than  those  made  for  the 
northern  sky  at  Mervel  Hill  {Memoirs  of  the  Royal  Astronomical  Society,  60,  167, 
1914). 

*  Half  weight  is  given  to  N.G.C.  6642;  also  to  N.G.C.  6712  because  of  a  slight 
doubt  as  to  its  nature  and  because  it  is  in  such  a  rich  region  of  the  galactic  clouds 
that  the  measured  diameter  is  a  little  uncertain.  Cf.  Publications  of  the  Astronomical 
Society  of  the  Pacific,  29,  186,  191 7.  Possibly  a  doubt  should  also  be  expressed  as  to 
the  perfectly  normal  nature  of  N.G.C.  4147.     Cf.  the  eleventh  paper  of  this  series. 
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parallax-diameter  curve  of  Fig.  i.  Accordingly,  parallaxes  cor- 
responding to  the  measured  diameters  are  entered  in  the  seventh 
column  of  Table  V  and  are  combined  with  the  parallaxes  from 
magnitudes  to  obtain  the  smoothed  values  of  the  eighth  column. 
The  combination  is  made  with  due  regard  for  the  relative  quaHty 
of  the  magnitude  work,  assigning  for  convenience  weight  unity 
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Fig.  I. — The  parallax-diameter  curve  for  globular  clusters  (diameters  from 
Franklin- Adams  charts) .  Dots  are  normals  based  upon  parallaxes  from  magnitudes 
alone;  crosses  are  the  finally  adopted  values  for  the  29  clusters  of  Table  V. 


to  aU  the  parallaxes  from  magnitudes,  and,  to  the  corresponding 
values  from  angular  measurements,  the  weight  zero  for  group  a, 
one-half  for  group  b,  one  for  group  c,  and  two  for  group  d.  The 
adopted  parallaxes  are  plotted  in  Fig.  i  as  crosses. 

Before  obtaining  the  parallaxes  of  other  clusters  from  their 
diameters  alone,  we  shall  note  what  accuracy  may  be  expected 
in  the  results.  In  Table  VII  are  given  the  percentage  deviations 
from  the  parallax-diameter  curve,  both  for  the  original  parallaxes 
from  magnitudes  and  for  the  adopted  values.     Without  assigning 
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weights,  the  arithmetical  mean  for  the  first  is  14  per  cent,  and  for 
the  second,  7  per  cent.  The  latter  shows  the  average  amount  of 
the  discrepancy  that  will  affect  the  parallaxes  of  the  clusters  for 
which  no  magnitudes  are  available.     The   deviations  are  partly 


TABLE  VI 
Diameters  and  Parallaxes 


Number  of  Clusters 

Mean  Parallax 

Mean  Diameter 

7 

c 

0'' 0000  2  5 
0 . 000038 
0 . 00005 1 
0 . 000068 
0 . 000083 
0. 0001 18 
0.000150 

2.5 
4.0 

6.4 
9-7 
16 

c 

c 

t; 

I 

I 

30 

TABLE  VII 
Deviations  from  the  Parallax-Diameter  Curve 


N.G.C. 

TrMag.— irDiam. 

n- Adopt. —JT  Diam. 

N.G.C 

wMag.— TrDiam. 

n-  Adopt. — rt  Diam. 

TT  Adopt. 

TT  Adopt. 

IT  Adopt. 

TT  Adopt. 

288... 

+0.06 

+0.02 

6356 

—0.42 

-0.15 

IQ04 

+      20 

+       8 

6402 

—       12 

-        7 

4147 

+     37 

+      II 

6626 

-       7 

-       6 

5024 

-     26 

-      17 

6638 

+       3 

+       3 

S139 

-       3 

—         I 

6656 

+       2 

+       2 

5272 

0 

0 

6712 

-       9 

-       3 

5904 

—       I 

—         I 

6779 

+     15 

+       8 

6oq3 

+     10 

+        4 

6864 

-     32 

-     18 

6X21 

-       6 

—        2 

6934 

+     37 

+     20 

6205 

—       2 

—        I 

6981 

-       6 

-       3 

6218 

—       2 

—        I 

7078 

+     13 

+     13 

6229 

+     39 

+      13 

7089 

+     19 

—     12 

6254 

-     14 

-       7 

7099 

+0.05 

+0.03 

'^2,32, 

-o.is 

— O.IO 

due  to  real  differences  in  the  clusters,  but  most  of  the  error  is  within 
the  uncertainty  of  angular  measurement,  for  the  average  difference 
between  the  estimates  of  diameter  by  the  two  observers  is  but 
slightly  less  than  10  per  cent. 

Nearly  all  of  the  41  clusters  included  in  Table  VIII  are  south 
of  declination  —30°.  The  few  exceptions  will  be  photographed 
with  the  60-inch  reflector,  when  opportunity  permits,  and  the 

'  For  brevity  the  terms  "algebraic  mean"  and  "arithmetical  mean"'  are  used  in 
the  sense  of  ivith  and  without  regard  to  sign. 
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parallax,  as  determined  from  diameters,  will  receive  an  independent 
check  from  the  study  of  magnitudes/  The  right  ascension,  declina- 
tion, and  galactic  co-ordinates  in  Table  VIII,  as  in  previous  tables, 
have  been  taken,  whenever  possible,  from  !Melotte's  catalogue,  the 
results  being  checked  with  Bailey's  lists  and  other  catalogues.  The 
angular  diameters  in  the  fifth  column  were  obtained  at  the  same 
time  as  those  measured  for  Table  \';  their  mean  value  is  the  basis 
of  the  parallaxes  in  the  sixth  column.  The  first  cluster  of  this  list 
is  47  Tucanae. 

Tables  V  and  VIII  contain  all  clusters  now  thought  to  be 
definitely  globular — a  total  of  69.     The  15  or  20  others^  frequently 

'  Since  writing  the  above,  one  highly  satisfactory  confirmation  has  been  secured. 
The  object  N.G.C.  7006  was  noted  as  a  small  faint  cluster  by  Curtis  (Lick  Observatory 
Bulletins,  7,  84,  1912).  On  the  Franklin-Adams  plates  and  charts  it  appears  as  a 
nebulous  star  and  was  excluded  from  Melotte's  catalogue  of  globular  clusters.  It  is 
not  mentioned  by  Bailey.  The  apparent  diameter  as  given  in  Table  VIII  is  only 
o.'75 — the  smallest  cluster  of  the  two  lists.  If  our  hypotheses  are  right,  therefore, 
it  should  be  the  most  distant  cluster,  and  the  mean  magnitude  should  be  fainter 
than  any  hitherto  measured.  Two  polar-comparison  photographs  were  secured  in 
December  1917.  A  seven-minute  exposure  on  a  fast  plate  shows  about  two  hundred 
stars  brighter  than  magnitude  18.5,  and  one  star  near  the  center  is  nearly-  as  bright 
as  magnitude  15;  but  the  mean  of  the  25  brightest,  according  to  the  preliminary 
measures,  is  17.7.  The  corresponding  parallax  is  a  little  more  than  o'' 000014,  differing 
by  less  than  a  millionth  of  a  second  from  the  value  in  Table  \TII. 

^  Among  the  clusters  thought  by  some  to  be  globular  are  the  follo\\'ing: 


N.G.C. 

.\ngui,.\r 
Diameter 

Galactic 

Rexlarks 

Long. 

Lat. 

371 

2660 

5466 

6496 

653s 

6569 

6760 

7492 

2I1 
1-5 

5-4 

i-S 
0.8 
1-3 

1.0 
3-3 

268° 
234 

10 

31S 
334 
328 

3 
21 

-44° 

—  2 

+72 

—  II 

-Fio 

—  7 

~   5 
-64 

In  Small  Mag.   Cloud.     Not  typical,  Bailey. 

If  globular,  it  gives  for  the  distance  of  the 

cloud  n-  =  0^000033.     Cf.  Table  I. 
Appears  to  be  globular  cluster,  Melotte.     If 

so,  i?sin/3  =  — 1400  parsecs;  i?  cos  (3=  39,700 

parsecs. 
Apparently    an    open    cluster,    Shapley.      If 

globular,  7r=oToooo6. 
Probably  a  nebula.    Bailey  does  not  mention  it. 
A  group  of  a  few  faint  stars,  Shapley. 
A  nebula  according  to  Bailey.     If  a  globular 

cluster,  7r  =  oToooo2. 
Small  cluster  of  very  faint  stars,  Curtis,  Pease. 

An  open  cluster,  Shapley. 
An  open  cluster,  Curtis,  Shapley.     Very  loose 

globular     cluster,     Melotte.     If     globular, 

vr  =0^00005. 

Bibliography:  Bailey,  Harvard  Annals,  60,  No.  8,  1908;  76,  No.  4,  1915.  Curtis, 
Lick  Observatory  Bulletins,  7,  81,  1912;  8,  43,  1913.  j\Ielotte,  Memoirs  of  the  Royal 
Astronomical  Society,  60,  Part  V,  1915.  Pease,  Publications  of  the  Astronomical 
Society  of  the  Pacific,  26,  204,  1914.  Shapley,  Publications  of  the  Astronomical  Society 
of  the  Pacific,  29,  186,  1917.  Shaw,  Helwan  Observatory  Bulletins,  No.  9,  1912;  No.  15, 
1915;  Monthly  Notices,  76,  105,  1915. 
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admitted  to  the  catalogues  are  rejected  temporarily  on  the  basis 
of  either  the  Mount  Wilson  plates  or  the  published  opinions  of 
Bailey,  Curtis,  Shaw,  or  Melotte.  Some  questioned  groups  may 
be  admitted  later,  and  other  faint  objects  now  considered  nebulous 
stars  or  open  clusters  or  faint  nebulae  may  be  proved  by  the  large 
reflectors  to  be  globular  clusters.  But  as  far  as  systems  containing 
stars  brighter  than  the  sixteenth  photographic  magnitude  are 
concerned,  the  present  work  may  be  considered  exhaustive. 

II.      DISTRIBUTION   IN   SPACE 

Some  striking  features  of  the  arrangement  of  clusters  in  space 
are  brought  to  light  by  a  study  of  the  data  in  Tables  V  and  VIII. 
Fig.  2  illustrates  the  distribution  in  three  dimensions,  showing  on 
the  plane  of  the  Milky  Way  the  galactic  longitudes  and  projected 
distances,  while  the  distances  from  the  Galaxy  are  shown  by  vectors 
drawn  to  scale  in  the  plane  of  the  figure.  Distances  above  (north 
of)  the  galactic  plane  are  represented  by  full  heavy  lines  drawn 
upward  from  black  circular  bases,  those  below  by  broken  lines 
downward  from  open  circular  bases.  To  visualize  the  actual 
positions  in  space  one  needs  only  to  imagine  the  full-line  vectors 
standing  erect  on  their  bases  and  the  broken  lines  hanging  vertically 
from  theirs;  the  arrow  points  are  then  at  the  positions  of  the 
clusters. 

The  most  remote  of  all  the  clusters^  is  N.G.C.  7006  with  a 
distance  of  67,000  parsecs,  the  equivalent  of  220,000  light-years; 
the  clusters  N.G.C.  4147,  6229,  6235,  6287,  6441,  and  6864  (M  75) 
are  nearly  as  far  away.  Fortunately,  of  these  seven  most  distant 
systems  six  are  within  reach  of  the  Mount  Wilson  reflectors.  One- 
fourth  of  all  globular  clusters  appear  to  be  more  distant  than 
30,000  parsecs  (100,000  light-years) ;  and  one  (N.G.C.  4147)  is  more 
than  50,000  parsecs  from  the  plane  of  the  Milky  Way.  oi  Centauri 
and  47  Tucanae,  with  distances  somewhat  less  than  7000  parsecs, 
are  the  clusters  nearest  to  the  sun. 

The  concentration  into  a  Hmited  interval  of  galactic  longitude 
is  conspicuous;  the  region  from  41°  to  195°  is  completely  void  of 
globular  clusters.     The  mean  value  of  all  longitudes  is  316°,  or, 

'  See  n.  i,  p.  167,  of  this  paper  and  the  later  discussion  in  the  eleventh  paper. 
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excluding  the  five  largest  and  five  smallest  values,  is  318°;  but  the 
mean  is  too  much  affected  by  widely  divergent  values,  and  the 


255; 


270' 


265' 


Fig.  2. — Distribution  in  space  of  globular  clusters.  The  galactic  plane  is  the 
plane  of  the  diagram;  distances  above  and  below  are  shown  to  scale  by  full-line  and 
broken-line  vectors,  respectively.  Galactic  longitudes  are  indicated  in  the  margin 
and  the  scale  of  distances  along  the  vertical  radius.  The  sun  is  at  the  origin  of 
co-ordinates.  The  diagram  illustrates  the  remarkable  distribution  in  longitude, 
with  a  maximum  frequency  at  325°,  and  by  the  absence  of  very  small  or  zero 
vectors  shows  that  globular  clusters  are  not  found  within  1000  parsecs  of  the  plane 
of  the  Milky  Way.     Cf .  Fig.  i  of  the  twelfth  paper. 
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median  value/  325°,  is  preferable  in  determining  the  central  line 
of  the  system  of  globular  clusters.  The  frequency  of  longitudes 
shown  by  Fig.  3  agrees  in  placing  the  center  in  longitude  325°, 
the  points  for  the  curve  depending  on  the  data  of  Table  IX. 
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Fig.  3 — Distribution  of  globular  clusters  in  galactic  longitude 

TABLE  rX 

Distribution  of  Globular  Clusters  ix 
G.\LACTic  Longitude 


Interval  of 
Longitude 

Number  of 
Clusters 

Mean  Longitude 

195°  to  2 10° 

I 

195° 

210   to  225  

3 

213 

225    to  240  

2 

232 

240    to  25s   

2 

246 

255    to  270  

3 

268 

270    to  285   

5 

277 

285    to  300 

I 

293 

300    to  315   

9 

308 

315    to  330 

17 

324 

330   to  345 

12 

336 

345   to  360 

4 

352 

0   to    15  

2 

6 

IS    to    30 

•    3 

23 

30   to    45 

5 

34 

Projecting  all  positions  on  to  a  plane  through  the  sun  perpen- 
dicular to  the  Galaxy  and  including  the  circle  defined  by  galactic 

'  That  is,  the  longitude  of  the  thirty-fifth  cluster  when  they  are  taken  in  order  of 
increasing  longitude,  beginning  with  N.G.C.  1904. 
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longitude  325°,  we  get  the  diagram  in  Fig.  4,  which  represents 
the  distribution  as  seen  from  a  great  distance  in  the  direc- 
tion of  galactic  latitude  0°  and  galactic  longitude  235°.  Black 
dots  above  the  central  line  represent  clusters  north  of  the  galactic 
plane ;  open  circles  below  represent  those  south.  Thus  the  ordinates 
are  Rsin^  and  the  abscissae  i? cos /3  cos  (X  — 325°),  where  R,  /3, 
and  X  are  respectively  the  distance,  galactic  latitude,  and  galactic 
longitude  of  a  cluster. 
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Fig.  4. — Projection  of  the  positions  of  globular  clusters  on  a  plane  perpendicular 
to  the  Galaxy,  illustrating  (i)  the  absence  of  clusters  from  the  mid-galactic  region, 
(2)  their  symmetrical  arrangement  with  respect  to  the  Galaxy,  (3)  the  eccentric 
position  of  the  sun  (the  cross)  with  respect  to  the  center  of  the  system  of  clusters. 
The  ordinates  are  distances  from  the  galactic  plane,  i?sin/3;  the  abscissae  are 
projected  distances  in  the  direction  of  the  center,  i?  cos /3  cos  (X— 325°).  The  unit 
of  distance  is  100  parsecs;  the  side  of  a  square  is  accordingly  io,cxx3  parsecs.  On 
this  scale  the  actual  diameter  o^  the  clusters  is  about  one-fifth  the  diameter  of  the 
circles  and  dots.  The  cluster  X.G.C.  4147  is  outside  the  boundary  of  the  diagram, 
as  indicated  bv  the  arrow. 


Fig.  5  differs  from  the  preceding  diagram  only  in  having  R  cos  /S 
for  abscissae.  Hence  the  sun,  as  origin,  is  at  the  extreme  left  edge 
of  the  figure,  and  the  actual  distance  of  each  cluster  is  represented 
by  the  radial  distance  from  the  origin. 
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Figs.  4  and  5  show  more  clearly  than  Fig.  2  the  remarkable 
distribution  of  clusters  with  respect  to  the  Galaxy.  In  the  first 
place  clusters  are  impartially  distributed  above  and  below,  there 
being  32  north  and  37  south  of  the  plane.  Although  the  average 
value  without  regard  to  sign  is  ±79  (in  units  of  100  parsecs),  the 
algebraic  mean  of  all  distances  from  the  plane  is  —  i ;   rejection  of 
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Fig.  5. — Distribution  of  globular  clusters.  The  ordinates  are  i?sin/3,  as  in 
Fig.  4;  the  abscissae  are  distances  projected  on  the  galactic  plane,  R  cos  /3.  The 
unit  of  distance  is  100  parsecs.  The  ver>'  small  semicircle,  with  radius  corresponding 
to  a  parallax  of  oroo2,  illustrates  the  region  around  the  sun  which  contains  all  but 
a  few  of  the  stars  in  Charlier's  B-type  cluster.  The  large  semicircle  indicates  the 
distance  to  which  the  present  results  are  thought  to  be  complete.  Messier  3  and 
Messier  13  are  indicated  by  numbers;  the  most  distant  cluster  now  known, 
N.G.C.  7006,  is  near  the  lower  right-hand  corner  of  the  diagram.  N.G.C.  4147, 
with  co-ordinates  109  and  5 14,  is  not  shown. 


the  very  distant  cluster,  N.G.C.  7006,  would  change  this  to  +2. 
Considering  the  accidental  variation  and  the  size  of  the  distances 
involved,  the  algebraic  mean  is  vanishingly  small,  and  we  may  say 
confidently  that  the  plane  of  the  ]Milky  Way  is  also  a  symmetrical 
plane  in  the  great  system  of  globular  clusters.  This  relation  to 
the  Galaxy  holds  with  good  approximation  at  all  distances  from  the 
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sun  (graphically  shown  best  by  Fig.  5),  as  may  be  seen  from  the 
following  tabulation: 


Interval  of  R  cos  P 

o-ioo      ;    100-200 

200-300 

>30o 

AU 

Number  of  Clusters 

Hi         29 

+   7+9 
±70     1      ±84 

15 
-23 
=^59 

14 

~   5 
±100 

69 
—    I 

±79 

Mea„.^sin^{Aa>j- ■;;;:;:: 

*See  n.  I,  p.  164. 

A  second  phenomenon  clearly  illustrated  by  the  diagrams  is 
the  avoidance  of  the  Milky  Way — a  result  that  may  be  of  very 
exceptional  significance.  There  is  no  cluster  within  1300  parsecs 
of  the  plane  of  the  Galaxy,  and  within  2000  parsecs  of  that  plane 
there  are  onh  five,  four  of  which  are  among  the  clusters  nearest 
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Fig.  6. — Reflected  frequency-curve  of  the  distances  of  globular  clusters  from  the 
galactic  plane,  illustrating  the  equatorial  region  devoid  of  globular  clusters.  The 
unit  of  distance  is  one  parsec. 

the  sun.  In  Figs.  4  and  5  a  shaded  region.  13.000  light-years  in 
width,  indicates  the  zone  from  which  globular  clusters  are  practically 
excluded. 

The  increasing  concentration  toward  the  Galaxy  from  both  sides 
stops  almost  abruptly  at  the  boundary  of  the  shaded  zone.  The  fre- 
quency of  distances  from  the  plane  is  treated  in  more  detail  in  Table 
X,  and  the  undoubted  dependence  of  the  clusters  on  the  galactic 
plane,  noted  numerically  above,  is  further  emphasized  by  the  curve 
in  Fig.  6.  The  completion  of  that  curve,  in  a  form  naturally  to  be 
expected  for  the  frequency  of  objects  concentrated  toward  the 
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Galaxy,  would  require  at  least  50  globular  clusters  within  1500 
parsecs  of  the  plane;  there  is,  however,  only  one.  Messier  22,  and 
its  distance  below  the  plane  corresponds  to  a  parallax  of  o''ooo8. 
It  should  be  observed,  moreover,  that  not  only  at  great  distances, 
where  insufficiency  of  observations  may  be  urged,  do  we  note  this 
absence  of  clusters,  but  also  within  a  distance  from  the  sun  of 
20,000  parsecs,  where  the  data  are  quite  sufficient  (37  clusters)  and 
undoubtedly  are  complete.  Hence  we  conclude  that  this  great 
mid-galactic  region,  which  is  peculiarly  rich  in  all  types  of  stars, 
planetary  nebulae,  and  open  clusters,  is  unquestionably  a  region 
unoccupied  by  globular  clusters. 

To  explain  this  remarkable  condition  several  h\-potheses  have 
been  considered,  such  as  error  in  choosing  the  origin  of  galactic 
latitudes,^  incompleteness  of  data,  general  absorption  of  light  in 
space,^  clouds  or  a  ring  of  absorbing  matter  along  the  spine  of  the 
Milky  Way  analogous  to  the  dark  peripheral  rings  of  spiral  nebulae,^ 

'  The  adopted  position  of  the  north  galactic  pole  is  that  given  by  Gould 
{Urayiometria  Argentina):  a=i2''4i",  5  =  +  27°2i.'  This  position  differs  by  less  than 
a  degree  from  those  obtained  through  other  reliable  and  definitive  investigations. 
The  most  recent,  and  probably  the  best,  is  based  on  the  Harvard  ^lap  of  the  Sky,  by 
Nort,  who  finds  0=12*^44™,  5= +27°  (Recherches  Astronomiques  de  VObservaloire 
d'Utrecht,  VII,  84,  112,  1917).  An  error  of  =*=  1°  in  the  cluster  latitudes  might  slightly 
displace,  widen,  or  narrow  the  zone  of  avoidance,  but  nothing  short  of  selectively 
operative  errors  of  several  degrees  could  seriously  obscure  it.  The  frequency-curve 
of  galactic  latitudes  also  shows  the  zone,  but  naturally  to  a  less  degree.  Cf .  Fig.  2  of 
the  twelfth  paper.  The  values  in  Tables  V  and  VUI  show  no  latitude  less  than  5°' 
See  the  remarks  relative  to  N.G.C.  2660  in  n.  2,  p.  167. 

^  See  the  notes  in  a  following  paper  (the  eleventh  of  the  series)  on  the  color  of 
stars  in  the  two  most  distant  clusters.  The  dark  obstructing  nebulae  which  are  fre- 
quently found  in  and  near  the  ^Milky  Way  are  undoubtedh*  capable  of  obliterating  or 
greatty  diminishing  the  light  of  any  cluster  involved  in  the  nebulosity  or  beyond  it. 
N.G.C.  4372,  a  large  southern  cluster  (almost  certainly  globular),  which  is  very  faint 
for  its  angular  diameter,  falls  alongside  a  vacant  space  in  the  sky.  N.G.C.  6144  is 
near  the  edge  of  the  p  Ophiuchi  dark  nebulosity  and  appears  large  for  the  magnitude 
of  its  bright  stars.  This  latter  nebulosity  may  also  affect  the  brightness  of  Messier  4 
(N.G.C.  61 21)  to  some  extent.  But  it  is  interesting  to  note  that  in  developing  a 
parallax  method  that  is  independent  of  the  magnitudes  we  have  escaped  from  the 
errors  in  parallax  that  such  obstructing  material  might  occasionally  have  imposed. 

3  Possibl}'  a  h\-pothetical  wedge-shaped  ring  might  explain  some  of  the  divergence 
from  the  galactic  plane  with  increasing  distance  (Figs.  4  and  5) ;   but  insufficiency  of 
material  for  faint  clusters  would  better  account  for  most  of  it.     The  phenomenon,  ^ 
of  course,  may  be  real — a  widening  of  the  zone  of  avoidance  in  the  direction  of  the 
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and  finally  the  actual  absence  of  globular  clusters  from  the  regions 
rich  in  stars  because  of  the  dynamical  impossibility  of  existence. 
The  first  three  seem  clearly  impossible,  the  fourth  improbable  or 
at  least  unquestionably  insufficient,  and,  therefore,  without  going 
at  present  into  the  meaning  and  consequences  of  such  a  theory, 
the  last  hypothesis  is  tentatively  adopted. 

We  have  found  that  the  center  of  the  elongated  and  somewhat 
irregular  system  of  globular  clusters  lies  in  the  plane  of  the  Milky 
Way  on  a  line  directed  toward  galactic  longitude  325°.  The 
distance  along  that  fine  may  be  estimated  from  an  inspection  of 
Fig.  4,  and  perhaps  obtained  more  accurately  from  the  following 
consideration  of  the  frequencies  of  i^cosjScos  (X  — 325°),  in  which 
clusters  more  than  15,000  parsecs  distant  from  the  plane  are 
excluded : 


iNTERVAl.  OF  DISTANCE  IN  DIRECTION  OF  CENTER 

<  100 

— 100  to 
0 

0  to      +100  to 
+  100      +200 

+200  to 
+300 

+300  to 

+400 

+400  to 
+500 

>Soo 

AU 

Number  of  clusters 
Mean  of  R  cos  /3 
oos(X-32S°)... 

I 
-145 

2 

-74 

18 
+59 

20 
+  138 

10 
+  246 

5 
+342 

3 

+454 

I 
+525 

60 
+  158 

From  a  plot  of  these  numbers  we  estimate  provisionally  the 
distance  of  the  center  to  be  13,000  parsecs.  Incompleteness  of 
data  because  of  faintness  will  not  materially  affect  the  galactic 
longitude  and  latitude  of  this  point,  but  is  likely  to  make  the 
distance  too  small.  The  mean  value  of  R  cos  /3  cos  (X  — 325°)  for 
the  60  clusters,  +158,  is  probably  nearer  the  true  value,  but  it  is 
also  liable  to  understate  the  distance.  A  definitive  value  is  hardly 
possible,  and,  at  least  until  the  number  of  very  faint  clusters  can 
be  considerably  increased,  we  may  adopt  as  the  center  of  the  general 
system  of  globular  clusters  a  point  for  which  the  parallax  is  between 
0T00006  and  o''oooo4,  with  equatorial  co-ordinates  a  =  17^30", 
6  =—30°,  and  galactic  co-ordinates  X  =  325°,  /3  =  o°.     The  position 


center  of  the  globular  cluster  sj'stem,  combined  with  a  lack  of  observations  for  clusters 
,far  beyond  the  center.     See  n.  2,  p.  167;  if  N.G.C.  2660  is  globular,  the  apparent 
tendency  to  widen  with  distance  is  somewhat  counteracted. 
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lies  in  the  constellation  Sagittarius,  a  few  degrees  east  of  its  bound- 
ary with  Scorpio  and  Ophiuchus. 


III.      LINEAR   DIMENSIONS   OF   CLUSTERS 

A  literal  interpretation  of  the  curve  in  Fig.   i  gives  for  the 
dimensions  of  globular  clusters: 


Parallax  (Unit  Is  oToooooi) 

20 

40 

60 

So 

100 

120 

150 

Angular  diameter 

Linear     diameter 

in  parsecs 

I.' I 
16 

2. '7 
20 

5-2 
25 

8-3 
30 

1 2. '4 
36 

I7.'2 

42 

27 -5 
53 

As  remarked  before,  however,  the  diameters  from  the  charts  do 
not  give  a  true  measure  of  the  clusters,  and  the  hypothesis  that 
size  depends  on  distance  from  the  sun,  irrespective  of  distance 
from  the  Galaxy,  is  quite  untenable. 

There  are,  without  doubt,  real  though  relatively  inconspicuous 
differences  among  globular  clusters;  and  some  of  the  differences, 
such  as  frequency  of  certain  spectral  t\'pes,  degree  of  condensation 
and  ellipticity,  and  possibly  total  numbers  of  stars,  are  being 
recognized  and  evaluated  through  the  Mount  Wilson  studies. 
Two  properties,  however,  so  far  seem  to  show  little  variation 
from  cluster  to  cluster — the  actual  linear  diameter  and  the  mean 
magnitude  of  the  brightest  stars.  We  shall  assume,  therefore,  on 
the  basis  of  what  observational  evidence  we  now  have  at  hand, 
that  all  globular  clusters  are  of  practically  the  same  dimensions, 
explaining  the  apparent  decrease  in  size  with  increasing  distance 
(tabulated  above)  as  a  natural  consequence  of  a  central  concentra- 
tion of  luminosity  and  of  an  intermingling  near  the  edges  with 
non-cluster  stars.  On  that  basis  an  investigation  of  the  dimensions 
of  one  cluster  will  sufi&ce  for  all. 

Long  exposures  with  the  60-inch  reflector  upon  the  outer  parts 
of  some  of  the  brightest  clusters  have  confirmed  the  conclusion, 
obtained  from  a  study  of  the  distribution  of  variable  stars,  that 
the  clusters  are  much  greater  in  extent  than  would  be  inferred  from 
ordinary  visual  or  photographic  observation.     For  instance,  on  the 
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Franklin- Adams  charts  the  apparent  diameter'  of  Messier  3,  the 
cluster  chosen  for  the  present  illustration  of  dimensions,  is  7';  on 
the  original  plates  it  is  18',  according  to  Melotte;  but  the  actual 
diameter  is  in  excess  of  half  a  degree. 

The  distance  of  Messier  3  is  13,900  parsecs,^  corresponding  to 
nearly  three  thousand  million  times  the  distance  of  the  sun  from 
the  earth.  The  distance  north  of  the  galactic  plane  is  13,500 
parsecs.  The  accompanying  plate  is  reproduced  from  a  photograph 
of  several  hours'  exposure  made  by  Mr.  Ritchey  with  the  60-inch 
reflector.  The  original  negative  shows  more  than  twenty  thousand 
stars  outside  the  central  burned-out  area,  the  smallest  images  being 
fainter  than  the  twentieth  magnitude. 

The  cluster  extends  beyond  the  limits  of  the  photograph  in  all 
directions.  The  most  distant  variable  star  (undoubtedly  a  member 
of  the  system)  is  17'  from  the  center,  corresponding  to  a  projected 
distance  of  fourteen  million  astronomical  units.  As  ordinarily 
seen  and  photographed,  the  cluster  covers  an  area  but  little  larger 
than  one  of  the  squares,  but  we  may  be  sure  that  its  actual  projected 
area  is  at  least  twenty-five  times  as  great;  that  is,  the  diameter 
is  about  thirty  million  astronomical  units.  To  cross  the  cluster, 
light  must  travel  470  years. 

If  we  suppose  the  sun  situated  at  the  center  of  the  cluster,  all 
stars  with  parallaxes  greater  than  o''i  would  be  included  within 
the  concentric  circle.  Sirius  would  be  at  the  distance  indicated 
by  the  cross,  and  the  projected  distance  of  the  bright  triplet 
near  the  bottom  of  the  picture  equals  the  distance  of  the  Hyades 
from  the  sun. 

Inclosed  in  small  circles  are  a  few  of  the  variable  stars,  chosen 
at  random,  the  close  equality  of  whose  magnitudes  is  to  be  noted. 
In  some  cases  they  appear  as  doubles,  but  the  actual  separation 

'  The  estimates  from  the  charts,  listed  in  Tables  V  and  VIII,  refer  actually  to 
what  appears  to  be  a  central  core  of  each  system.  The  scale  of  the  photographs 
does  not  permit  close  differentiation  of  the  outlying  members  of  a  cluster  from  the  stars 
of  its  surrounding  field. 

^  The  diagram  was  made  on  the  basis  of  a  parallax  of  o''oooo74;  the  final  value 
of  Tables  I  and  V  indicates  that  the  linear  dimensions  of  the  cluster  on  the  plate 
are  too  small  by  3  per  cent,  an  amount,  however,  that  is  far  within  the  probable 
error. 
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in  the  closest  of  the  indicated  pairs  is  more  than  half  the  distance 
separating  the  sun  from  a  Centauri.  In  the  small  square  is  the 
image  of  an  exceptional  variable,  No.  37,  for  which  the  period  is 
less  than  eight  hours. 

The  cluster  variables,  in  the  mean,  have  the  absolute  magnitude 
—  0.2,  photographically  nearly  six  magnitudes  brighter  than  the 
sun.  A  star  of  the  brightness  and  color  of  the  sun  would  not  appear 
on  the  photograph,  being  nearly  two  magnitudes  too  faint  (21.5). 
Sirius,  located  in  this  cluster,  would  be  of  the  seventeenth  apparent 
magnitude,  corresponding  to  the  star  indicated  on  the  photograph 
by  an  arrow-point. 

The  condensation  of  stars  at  the  center  of  the  cluster  may  be 
readily  contrasted  with  that  of  stars  around  the  sun.  Within  the 
circle,  which  marks  a  distance  from  the  center  corresponding  to  a 
parallax  of  o''i  (approximately  two  million  astronomical  units), 
there  are  at  least  15,000  stars  brighter  than  magnitude  20.  (This 
estimate  deducts  those  stars  not  within  the  concentric  sphere  but 
appearing  by  projection  within  the  circular  area.)  In  a  sphere  of 
the  same  radius,  with  the  sun  as  center,  less  than  twenty  stars 
brighter  than  the  sun  are  known.  But  only  those  which  are  two 
magnitudes  brighter  appear  on  this  photograph  of  the  cluster; 
there  are,  accordingly,  in  the  sphere  around  the  sun  only  four  or 
five  stars  to  compare  with  the  15,000  in  Messier  3. 

Finally,  we  shall  make  some  estimates  relative  to  the  probable 
mass  of  a  globular  cluster.  We  may  go  astray,  to  be  sure,  in 
assuming  similar  masses  and  analogous  relations  of  mass  to  lumi- 
nosity for  stars  in  clusters  and  in  the  general  galactic  system.  The 
dynamical  conditions  in  these  highly  condensed  globular  systems 
may  conceivably  have  some  important  effect  upon  the  amount  of 
matter  that  goes  into  a  single  star  as  well  as  upon  the  speed  and 
nature  of  subsequent  development.  Eddington's  recent  theoretical 
work  on  the  masses  of  stars,  however,  indicates  that  as  long  as  we 
deal  with  typical  giants  the  masses  are  definitely  limited;  and, 
further,  the  identity  of  Cepheid  phenomena  wherever  studied^ — 
in  the  galactic  system,  in  the  more  condensed  Magellanic  clouds, 
and  in  the  extremely  condensed  globular  clusters — tends  to  support 
the  view  of  the  universal  comparability  of  stellar  masses. 
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All  that  we  know  of  the  masses  of  stars  from  observation  has 
been  summarized  recently  by  Russell.^  The  data  come  altogether 
from  double  stars,  but  we  shall  probably  not  commit  serious  error 
in  applying  the  results  without  alteration  to  the  single  stars  in  the 
condensed  globular  clusters,  although  possibly  slightly  greater  aver- 
age values  for  each  type  would  be  appropriate  for  the  isolated  stars 
in  our  general  galactic  system.  For  the  present  approximation  we 
shall  simply  take  a  mean  value  from  Russell's  data,  say  an  average 
of  four  times  the  sun's  mass  for  every  star  brighter  than  the  sun. 
The  number  of  such  stars  in  Messier  3  may  be  fairly  estimated  at 
40,000,  only  three-fourths  of  which  have  ever  been  photographed. 
Hence  the  entire  mass,  distributed  among  the  stars  which  are 
brighter  absolutely  than  photographic  magnitude  -f  5.6,  is  160,000 
times  the  solar  mass;  and  something  like  three-fourths  of  this 
amount  is  within  10  parsecs  of  the  center. 

It  seems  quite  futile  at  present  to  estimate  the  total  mass  of 
the  cluster.  Perhaps  it  is  two  or  three  milHon  times  the  solar  mass; 
probably  it  is  several  times  the  amount  estimated  for  the  stars 
brighter  than  5 . 6 — that  we  must  admit  on  the  basis  of  what  little 
we  now  know  of  the  relative  frequency  of  dwarfs  and  giants  in  the 
vicinity  of  the  sun;  but  as  a  matter  of  absolute  certainty  we  do  not 
know  that  there  is  a  single  star  fainter  than  the  sun,  and  even  our 
estimate  of  160,000  may  be  50  per  cent  too  great. 

SUMMARY 

I.  Following  the  methods  outlined  in  the  preceding  paper  the 
parallaxes  and  positions  in  space  are  obtained  for  69  globular 
clusters — all  that  can  now  be  definitely  assigned  to  the  globular 
class.  The  distances  range  from  6500  to  67,000  parsecs,  the 
brightest  stars  in  the  most  distant  clusters  being  fainter  than  the 
seventeenth  photographic  magnitude.  The  average  probable 
error  of  a  parallax  is  of  the  order  of  20  per  cent,  varying  consider- 
ably with  the  method  used  and  with  the  quality  of  the  observa- 
tional work.  Something  more  than  15,000  measures  of  magnitudes 
were  made  for  one  phase  of  the  work.     Section  I  contains  various 

'  Popular  Astronomy,  25,  666,  191 7. 


PLATE  IV 


The  Globular  Cluster  Messier  3  (N.G.C.  5272) 

The  side  of  a  large  square  is  5,000,000  times  the  distance  of  the  earth  from  the 
sun.  The  radius  of  the  concentric  circle  corresponds  to  a  parallax  of  o"i  (2,062,650 
astronomical  units).  To  cross  the  circle  light  must  travel  for  sixty-five  years. 
Small  circles  contain  typical  variables;  the  small  square,  variable  No.  37.  If  the 
sun  were  situated  at  the  center,  the  Hyades  would  be  at  the  distance  of  the  triplet 
at  the  bottom  of  the  picture;  Sirius  would  be  at  the  distance  of  the  black  cross 
near  the  center.  A  star  of  the  luminosity  of  Sirius  is  indicated  by  the  arrow- 
point.  Stars  of  our  sun's  brightness  are  nearly  two  magnitudes  too  faint  to 
appear  on  the  photograph. 
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items  relative  to  the  method  of  investigation,  comparative  accuracy, 
maximum  luminosities,  and  the  frequency  of  giants. 

2.  The  study  of  the  distribution  of  clusters  in  space  brings  out 
a  number  of  remarkable  features  (cf.  sec.  II),  the  most  significant 
of  which  appear  to  be  the  absence  from  the  denser  stellar  regions 
of  globular  clusters  and  the  final  proof  that  they  are  subordinate 
to  the  general  galactic  system.  The  center  of  the  system  of 
globular  clusters  is  found,  with  some  uncertainty  in  one  co-ordinate. 
A  discussion  of  the  part  played  in  a  general  theory  by  the  distribu- 
tion of  clusters  is  postponed  to  a  following  paper. 

3.  The  derivation  of  parallaxes  has  permitted  the  discussion  of 
the  actual  dimensions  of  clusters  and  a  comparison  with  famihar 
distances  near  the  sun.  Plate  IV  sufficiently  summarizes  the  result 
for  a  typical  system.  Messier  3,  whose  distance  from  the  earth  is 
of  the  order  of  250,000  million  million  miles.  The  total  mass  of  a 
t>'pical  globular  cluster  is  estimated  to  be  from  a  quarter  to  a  half 
of  a  million  times  the  solar  mass,  with  much  uncertainty  as  to  the 
upper  limit. 

Mount  Wilson  Sol.^r  Observatory 
December  19 17 


ALPHA  CENTAURI  AS  A  SPECTROSCOPIC  BINARY 

By  JOSEPH  LUNT 

Alpha  Centauri  has  received  a  very  large  amount  of  attention 
from  double-star  observers  since  Lacaille  first  measured  the  posi- 
tion, angle,  and  distance  of  the  companion  in  1752.  The  stars 
have  made  two  complete  revolutions  since  Lacaille's  first  measures, 
and  their  orbits  have  been  investigated  by  many  astronomers.  In 
1893  T.  J.  J.  See,'  then  of  the  University  of  Chicago,  and  Dr.  A.  W. 
Roberts,^  of  Lovedale,  South  Africa,  published  the  elements  of  the 
orbit  independently.  In  the  words  of  the  latter  "the  results  are 
almost  identical  ....  but  as  the  two  sets  of  elements  are  inde- 
pendent of  each  other  and  were  obtained  by  very  different  methods, 
the  coincidence  can  only  indicate  that  the  elements  found  are  very 
near  the  truth." 

In  Fig.  I  the  orbits  of  the  two  stars  are  shown  according  to 
Roberts'  elements,  the  ascending  and  descending  nodes  being 
inserted  in  their  proper  positions  derived  from  later  spectroscopic 
observations. 

The  continuous-line  eUipse  and  the  right-hand  scale,  as  well  as 
the  concentric  circles  and  arcs,  refer  to  the  orbit  of  the  fainter  star 
(ai)  with  respect  to  the  brighter  star  (az)  regarded  as  fixed  in  the 
center  of  the  concentric  circles. 

The  left-hand  scale  and  the  two  ellipses  taken  together  refer 
to  the  two  stars  as  moving  around  their  common  center  of  mass 
situated  at  the  center  of  the  concentric  circles,  the  longitudes  from 
periastron  at  any  instant  being  the  same  for  both  stars. 

Vo,  at  longitudes  57°  and  199°,  indicates  the  positions  in  the 
orbits  where  the  orbital  radial  velocity  becomes  zero,  and  the 
ascending  nodes  are  the  positions  in  the  orbits  where  the  receding 
radial  motion  becomes  a  maximum.  The  right-hand  side  of  the 
diagram  is  therefore  the  near  side,  and  the  left  the  far  side,  of  the 

^  Monthly  Notices,  54,  115,  1893. 

^  Astronomische  Nachrichlen,  133,  106,  1893. 
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Fig.  I 
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orbits  in  space.  The  small  figures  represent  longitudes  from 
periastron  in  the  orbits. 

The  figure  has  been  drawn  on  the  assumption  of  equal  masses 
for  the  two  stars.  Roberts'  gives  the  masses  as  02:01  =  51:49=^2 
per  cent.  As  the  radial  velocities  are  not  appreciably  affected  at 
present  by  adopting  51:49  instead  of  equal  masses,  the  latter 
value  has  been  used  throughout,  as  the  greatest  difference  will  be 
only  o .  I  km  in  the  positions  of  the  maxima  and  minima  of  the 
velocity-curves. 

Assuming  az  and  ai  to  be  of  equal  mass,  the  semiamplitude  of 
the  velocitv-curve-  for  both  stars  is 


149500000  a  TT  sm  I 


=  K 


365.25X86400  Tr"PVi-e^ 
in  nomenclature  of  spectroscopic  binaries.     The  required  data  are 


Roberts 

See 

Doberck* 

a 

i 

P 

e 

17:71 
79°2i'36" 
8iyi85 
0.52865 

1 7 ''705 
79°44'24" 
8iyo7 
0.52 

i8ri65 
79°i9' 

83^565 
0.52252 

*  Astronomische  Nachrichten,  139,  273,  i8g6. 

Adopting  Gill  and  Elkin's^  value  of  the  parallax,  o'!']^,  the  values  of 

K  are 

Roberts'  elements         5  012  km/ sec. 

See's  "  4-993     " 

Doberck's      "  4.971      " 

The  following  elements  based  on  Roberts'  orbit  have  therefore  been 

adopted 

P=  29,652  days    =     SiYiS 

r  =  J.D.  2406150=1875.71 

a^=    52° 
a,  =  232° 
6=0.52865 
A'  =  5 .  00  km/sec. 

'  Astronomische  Nachrichten,  139,  10,  1896. 

^  See  Campbell,  Astrophysical  Journal,  21,  176,  1905. 

3  Memoirs  of  the  Royal  Astronomical  Society,  48,  188,  1884. 
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The  orbital  radial  velocities  of  the  stars  will  be : 

a^ :  l\  =  + 1 .  63  km/sec.+ V^  cos  (t'+  52°) 

tti:  T'i=  —  1 .63  km 'sec.+T^  cos  (i'+232°) 

where  :'  is  the  true  anomaly  and  ±1.63=^^^  cos  co.  The  orbital 
velocities  at  intervals  throughout  the  paths  have  been  computed 
and  are  given  in  the  fourth  column  of  Table  I.  Eliminating  the 
orbital  velocities  from  all  the  available  observed  radial  velocities 


Fig.  2 

given  in  Table  II  results  in  the  weighted  mean  of  the  22>  values  for 
the  velocity  of  the  system, 

Vo=  —  21 .64^0.098  km/sec. 

Combining  this  value  with  the  orbital  motion  gives  the  velocity 
ephemeris  for  the  two  stars  found  in  the  hfth  and  sixth  columns  of 
Table  I  and  the  velocity-curves  of  Fig.  2,  where 

J.D.  =  24o6i5o+iHi^w 
{m  =  mean  anomaly) . 
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REAL  MOTION    IN    SPACE 

Roberts^  gives  the  following  values  for  the  annual  proper  motion : 

InR.A.         -7:'29i±o. 032  (1880) 
In  Dec.         +o.75o±o. 005  (1880) 

The  proper  motion  is  therefore  3 ''685  toward  28i°45',  the  com- 
ponent in  R.A.  being  — 3''6o8  and  in  Dec.  +0775.  The  correc- 
tion for  the  solar  motion  to  proper  motions  in  R.A.,  expressed  in 
seconds  of  arc  on  a  great  circle,  =  —3 ''656  tt  cos  a,  and  in  Dec.  = 
-(-3''6s6  IT  sin  a  sin  8  +2riii  it  cos  5,  where  tt  is  the  star's  parallax 
and  -|-3''656  and  —  2''iii  are  the  apparent  proper  motions,  in 
R.A.  and  Dec.  respectively,  of  a  star  with  a  parallax  of  i"  at  o^  in 
the  equator,  due  to  the  solar  motion  assumed  to  be  20  km/sec. 
toward  18^  and  +^0°. 

The  corrected  proper  motions  are  therefore. 

In  R.A.  -3:' 608  In  Dec.  +0:^750 

+  2.165  +2.245 


-1-443  +2-995 

which  combined  give  a  corrected  proper  motion  of  3''325  toward 
334°i6'  (1880), 

3 .  685  •  ^-^—  =  23 .  27  km/sec.  —  apparent  proper  motion 

IT 

3.325  •     "        —21 .00       "        =  corrected  proper  motion 


2.27       "       =  solar  component 


where  4. 737=  the  velocity  across  the  line  of  sight,  in  kilometers 
per  second,  of  a  star  with  x  =  i.''o  and  proper  motion  =  i  ''o.  The 
correction  to  radial  velocities  for  the  solar  motion 

•AF  AZ 

=  v — - — nr^  +  r 


3460.185       3460.185 
=  o .  005005577  —  o .  00289^. 


'  Astronomische  Nachrichlcn,  139,  10,  1896. 
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where  AY  and  AZ  are  the  reversed  components  of  the  solar  motion, 
i.e.,  toward  6''  and  —.30°  respectively,  expressed  in  kilometers  per 
second;  77= —f  sin  a  cos  0  and  f= —e  sin  5;  r  and  3460. 185  =  the 
factor  for  converting  astronomical  units  per  twelve  hours  into 
kilometers  per  second. 

Adopting  the  value  —21 .64  km  sec.  for  the  radial  velocity  of 
the  system  with  respect  to  the  sun.  and  the  solar-motion  correction 
—  3.41  km  sec.  the  real  motions  are 

Radial         —  25.05I 

>Combined  32.7  km  sec. 
Transverse      21.00J 

The  system  of  a  Centauri  is  therefore  approaching  the  sun  in  a 
direction  inclined  40°  to  the  line  joining  the  sun  and  star,  vnih  sl 
velocity  of  32.7  km  sec.  regarding  the  sun  as  stationary.  Com- 
bining the  sun's  motion,  the  velocity  becomes  31.8  km.  and  the 
angle  47°. 

Alpha  Centauri  has  been  under  obser\-ation  spectroscopically 
only  since  1904.  and  only  a  small  part  of  the  velocity-curve  has 
been  determined  by  observation.  In  Table  II  are  collected  all  the 
observations  available.     It  is  self-explanatory. 

Table  III  gives  the  individual  measures  not  pre\-iously  pub- 
Ushed.  compared  with  the  computed  velocities. 

The  velocity-curve  from  See's  elements  in  the  region  of  the 
spectroscopic  observations  is  practically  identical  with  that  from 
Roberts'  elements,  and  that  from  Doberck's  elements  differs 
only  from  one-  to  two-tenths  of  a  kilometer  for  the  same  region, 
Doberck's  negative  velocities  being  shghtly  larger  for  a,. 

The  observations  for  a.  Centauri  given  in  Table  II  may  be 
arranged  in  the  groups  indicated  by  brackets,  in  which  the  indi- 
\'idual  results  are  accordant. 

The  accordance  within  the  groups  is  quite  satisfactory,  but  the 
groups  differ  from  each  other  somewhat  markedly;  they  lie  -^-ithin 
a  zone  3 .  28  km  wide,  with  the  velocity-curve  almost  central. 
WTiether  the  divergencies  from  the  theoretical  velocities  are  due  to 
instrumental  causes  or  represent  real  changes  has  not  been  deter- 
mined. The  later  measures  show  a  distinct  tendency  to  be  too 
low,  the  mean  difference  O  — C  for  the  plates  given  in  Table  III 
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being  —0.97  and  —0.41  km  per  second  for  a2  and  a^  respectively. 
The  velocity  of  the  system  adopted,  viz.,  —21.64  km,  gives 
velocities  agreeing  with  Wright's  1904  observations  almost  exactly 
but  is  half  a  kilometer  higher  than  his  later  value  —  22  .  18  km.' 

It  will  be  seen  from  the  figures  that  the  distance  between  the 
two  stars  is  slowly  decreasing  until  1937.6,  when  they  will  be  4" 
apart;  the  distance  will  then  increase  until  195 1,  when  they  will 
be  over  10"  apart,  after  which  time  the  distance  will  diminish  to 
less  than  2"  in  1959. 

The  difference  of  radial  velocity  is  gradually  diminishing  and 
will  be  zero  in  1927,  when  spectroscopic  observations  will  be  very 
desirable,  as  both  stars  will  have  the  radial  velocity  of  the  system. 
After  that  date  the  difference  of  radial  velocity  will  rapidly  increase 
until  1953,  when  the  dift'erence  will  be  over  13  km/sec. 

Royal  Observatory,  Cape  of  Good  Hope 
May  16,  1918 

'  Lick  Observatory  Bulletin,  6,  27. 


THE  NATURE  OF  A  SUPPOSED  VARIATION  IN  THE 
SOLAR  ROTATION  IN  191 5 

By  R-\LPH  E.  DeLURY 

In  a  brief  note^  evidence  was  presented  which  indicated  that  the 
conclusion^  drawn  by  Mr.  H.  H.  Plaskett  "that  the  sun,  during 
the  summer  of  191 5,  underwent  a  cychc  variation  in  its  rotation 
rate  of  0.15  km  ....  completed  in  about  a  month,"  was  not 
justified,  and  that  this  variation  in  spectroscopic  measurements 
of  the  velocity  of  rotation  of  the  sun's  equatorial  Hmbs  might  be 
due  to  changes  in  terrestrial  haze.  Mr.  Plaskett  has  criticized^ 
this  explanation  without  testing  my  suggestion  that  remeasure- 
ments  or  an  analysis  of  old  measurements  should  show  (on  account 
of  the  presence  of  blended  spectrum  of  haze  in  the  observations  in 
question)  smaller  displacements  of  weak  than  of  strong  spectrum 
lines,  particularly  on  the  days  when  the  lowest  values  of  the  rate 
of  rotation  were  obtained,  i.e.,  on  the  days  of  greatest  haziness. 
In  what  follows  new  evidence  confirming  this  explanation  is  given 
along  with  an  elucidation  of  the  criticisms,  which  are  referred  to 
by  their  numbers. 

I .  From  a  considerable  number  of  observations  with  respect  to 
haze  Mr.  Plaskett  selected  three  of  my  observations,  implying  that 
these  were  all  I  had  made.  He  places  these  observations  of 
obviously  changed  conditions  beside  his  measurements  of  plates 
made  some  hours  previously,  implying  in  the  words  "low"  and 
"high"  that  the  haze  explanation  has  been  contradicted,  thus: 

During  the  period  under  consideration,  namely,  June  21  to  August  16, 
DeLur>'  made  three  entries  in  the  observation  book  with  reference  to  haze: 

June  21,  "Bright" F^i.gii  (low) 

July  II,  "Very  hazy" F=i.975  (high) 

August  16,  "Bright,  some  water-vapor  haze" 7=1.977  (high) 

'  Aslrophysical  Journal,  44,  198,  1916. 

^  Ibid.,  43,  156,  1916.  ^Ibid.,  45,  144,  191 7. 
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Instead  of  this  he  should  have  adopted  the  logical  procedure 
of  juxtaposing  eCs  follows  his  own  observations  with  reference  to 
haze  and  the  respective  values  of  the  velocity  of  rotation,  finding 
in  accordance  with  the  haze  explanation  that  low  values  of  the 
measurements  of  solar  rotation  are  associated  with  haze  and  higher 
values  with  ''no  haze."  thus: 

\'  in  km  per  sec. 

June  24,  "B,  3-4,  A  little  haze  near  sun" i  .846 

July    4,  "B,  3-4,  Haze" 1.893 

July  20,  "B,  4,  No  haze" 2.026 

July  23,  "B,  4-5,  Positively  no  haze  " 2 .003 

August  16,  "B,  4,  Practically  Uttle  or  no  haze" i  .977 

That  he  committed  an  error  in  setting  his  measures  of  rotation 
over  against  my  records  of  changed  conditions  made  later  in  the 
day  is  apparent  from  a  consideration  of  Table  I,  w^here  his  and  my 
measurements  for  these  three  selected  days  are  associated  with 
their  respective  records  of  brightness,  the  observations  being  in 
harmony  with  the  haze  explanation. 

T.\BLE  I 


Plaskett                              1                                        DeLcry 

Date 

Time        !           Brightness 

Km 
per  sec. 

Time 

Brightness             i      A 

Km 
per  sec. 

June  21  — 
July  11 

August  16.. 

6:45-  8:00 
7:00-  7:19 

8:40-11:49 

4 

4,  "then  hazed  up" 

4,  "practically  little 
or  no  haze" 

1. 911 
1-975 

1.977 

10:18-10:38 

9:26-10:58 

11:37-11:49 

12:47-12:54 

Bright                             1  6450 
Very  hazy,  cirrus  clouds!   5900 
Brighter,  still  hazy             5600 
Bright,  some  water- 
vapor  haze                       5600 

2.007 
1.78s 
1.805 

I   939 

It  is  significant  that  on  June  21,  when  he  obtained  a  value  of 
1 .  911  km  per  sec. — one  of  the  low  values  in  the  "cyclic  variations"  — 
I  obtained  a  few  hours  afterward  2.007  km  per  sec,  a  value  about 
equal  to  the  maximum  values  in  the  supposed  variation.  Prob- 
ably the  record  ''Bright''  indicated  a  greater  brightness  than 
"B,  4"  of  that  date. 

On  account  of  the  haze  which  developed  after  Plaskett's  plates 
were  taken  on  July  1 1  and  which  remained  throughout  my  observa- 
tions these  latter  (14  plates  at  X  5900  and  7  at  X  5600)  }*ield 
decidedly  lower  values  than  his. 


ox  SOLAR  ROTATION  IN  igij  197 

On  August  16,  probably  on  account  of  the  presence  of  "some 
water-vapor  haze,"  my  observations  (7  plates  at  X  5600)  yield  a 
value  2  per  cent  lower  than  his. 

x\ll  these  results  are  ascribable  to  different  degrees  of  haziness 
in  accordance  with  the  records.  Further  details  are  given  in 
Table  II. 

Regarding  his  record  of  brightness  Mr.  Plaskett  states: 

5  represents  a  very  brilliant  day — rare  in  Ottawa. 
4  represents  a  bright  day — normal  observing  weather. 
3  represents  a  day  sUghtly  hazy. 

These  statements  are  self-contradictory,  presuming  that  such 
different  degrees  of  brightness  postulate  different  degrees  of  hazi- 
ness. On  no  day  was  haze  absent.  At  that  time  our  records  of 
observing  conditions  were  incomplete  in  that  no  account  was  kept 
of  the  strength  of  the  spectrum  of  haze.  During  the  past  two 
years  on  no  day  has  it  been  impossible  to  see  the  lines  in  the  spec- 
trum- from  haze  just  outside  the  solar  limb  (at  X  5600,  third  order, 
7  m  auto-collimating  [5  cm  X  8  cm]  grating  spectrograph,  slit 
o .  05  mm,  fed  by  the  45  cm  concave  mirror,  24 . 5  m  focus) .  Usually 
the  lines  are  distinctly  visible.  Again  he  states,  "Plates  taken  on 
days  hazier  than  3 . 5  were  not  measured."  This  is  a  misreading  of 
the  record,  as  14  of  the  11 1  plates  measured  by  Plaskett  were  taken 
at  recorded  brightness  "3." 

Plaskett  also  asserts:  "The  record,  if  it  shows  anything,  shows 
that  in  general  high  values  were  obtained  on  hazy  days  and  low 
values  on  brighter  days,  in  direct  contradiction  to  DeLur\^'s 
statement." 

That  this  conclusion  is  fallacious  is  seen  from  the  following 
complete  summary  of  his  observations  (though  it  is  something  to 
have  the  admission  that  there  were  hazy  days).  The  measure- 
ments of  the  III  plates  may  be  grouped  with  regard  to  brightness 
"above  normal,"  "normal,"  and  "below  normal,"  using  Plaskett's 
definition  of  a  normal  day  given  above : 

km  per  sec. 

19  plates,  B,  "5"  and  "4-5,"  mean  velocity 1-975 

50  plates,  B,  "4,"  i.e.,  "normal,"  mean  velocity i-9S8 

42  plates,  B,  ''3-4"  and  "3,"  mean  velocity 1.942 
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It  may  be  noted  that  42  of  the  11 1  plates  were  made  on  days  of 
brightness  below  "normal,"  i.e.,  on  days  of  haze  presumably  above 
normal.  Also  43  of  the  in  plates  were  taken  at  brightnesses 
recorded  as  "4-5  "  and  "3-4,"  terms  so  vague  as  to  indicate  either 
uncertainty  in  the  estimates  of  brightness  or  varying  degrees  of 
haziness.  When  such  uncertainty  in  the  records  exists,  the  support 
which  the  summary  gives  to  the  haze  explanation  is  as  satisfactory 
as  can  be  expected. 

The  19  plates  of  the  first  group  include  15  at  "B,  4-5,"  mean 
velocity  1.989  km  per  sec. ,  and  4  at  "  B ,  5 , "  mean  velocity  i .  9 1 9  km 
per  sec.  The  accuracy  of  this  high  record  of  brightness  (the  only 
one  of  ''B,  5")  may  be  questioned,  as  it  was  the  first  made  (on 
July  9)  by  Plaskett  after  the  three  mirrors  of  the  coelostat  telescope 
had  been  freshly  plated  (July  7),  and  it  is  probable  that  the  much 
brighter  image  of  the  sun  produced  as  a  consequence  gave  the 
observer  an  exaggerated  impression  of  the  clearness  of  the  sky. 
If  the  day  were  in  reality  hazy,  then  the  plates  should  satisfy  the 
criterion  for  blended  spectrum  of  haze.  I  have  measured  the  4 
plates  and  find  a  difference  of  0.054  km  per  sec.  between  the  values 
of  the  velocity  of  rotation  deduced  from  groups  of  weak  and  of 
strong  spectrum  lines — a  difference  which  may  be  interpreted  as 
indicating  the  presence  of  a  considerable  degree  of  haziness  (see 
Table  II).  Hence  it  is  reasonable  to  suppose  that  record  "B,  5" 
for  the  brightness  during  his  observations  on  July  9  is  too  high 
relative  to  the  other  records  and  for  the  cause  indicated. 

From  the  foregoing  summary  of  his  records  and  measurements 
it  is  quite  evident  that  the  following  statement  which  appears  in 
his  original  paper  (p.  147)  is  not  justified:  "Observations  were 
never  made  except  on  days  that  were  free  from  haze." 

2.  Mr.  Plaskett  states  in  his  note:  "DeLury  bases  his  discus- 
sion on  plates  made  on  two  dates,  June  24  and  July  20,  which  are 
described  as  'Hazy'  and  'Bright,'  apparently  from  memory, 
as  it  is  not  so  recorded  in  the  observation  book." 

On  June  24  he  recorded  "B,  3-4,  a  little  haze  near  sun,"  at 
7:40  A.M.  before  his  two  observations,  and  "B,  3-4"  at  9:10  A.M. 
after  these  observations.  Memory  need  not  be  appealed  to  for  the 
description  "Hazy"  for  these  conditions.     On  July  20  he  recorded 
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"Bright  (4)''  three  times  for  intervals  6:23-7:08.  8:03-8:24, 
and  8:38-8:43  A.M. ;  also,  '"No  haze."  I  observed  from  9:54- 
10:  II  A.M.,  allowing  these  records  to  stand  until  a  change  occurred 
just  after  this,  when  I  recorded  that  it  "clouded  up."'  Hence  the 
term  "Bright"  is  justified,  "4"  representing,  according  to  him,  a 
"bright  day,  normal  observing  weather." 

In  the  following  two  misstatements  are  made:  "On  June  24 
DeLury's  plates  were  taken  through  clouds  whose  presence  he 
notes  in  the  observation  book,  whereas  the  writer's  plates,  exposed 
earlier,  were  taken  with  a  clear  sky."  On  this  date  my  measured 
plates  at  X  4230  were  taken  at  10: 18-10:54  a.m.,  and  though  I 
made  observations  up  to  noon  I  did  not  record  "clouded  up"  until 
afternoon.  Absolutely  no  mention  of  clouds  was  made  before 
noon,  so  that  the  statement  that  my  "plates  were  taken  through 
clouds"  is  not  correct.  Also,  as  shown  above,  on  June  24  he 
described  the  conditions  as  "a  little  haze  near  the  sun"  and  "B, 
3-4,"  so  that  the  term  "clear  sky  "  by  his  own  definition  is  incorrect. 

In  addition  to  the  direct  statement  of  the  records  as  to  the 
relative  brightness  of  the  two  selected  dates,  June  24  and  July  20, 
remeasurements  of  my  plates  at  X  4230  and  measurements  by  myself 
of  his  plates  at  X  5900  yield  further  confirmation  of  my  explanation, 
for  on  June  24  the  differences  between  groups  of  measurements  of 
weak  and  strong  Hnes  are  greater  than  for  the  same  lines  on  July  20, 
pointing  to  a  greater  degree  of  haziness  on  the  former  date  (see 
Table  II). 

TABLE  II 


Date 

Time 

Brightness           ^o.^of 

A 

No.  of 
Lines 

Mean 
Inten- 
sity 

Velo- 
city in 

km 
per  sec 

Xo.  of 
Lines 

Mean 
Inten- 
sity 

Velo- 
city in 

km 
per  sec 

Differ- 
ence in 
Velo- 
city 

June  24 

8:17-  q:io 
10:18-10:54 

8:03-  8:22 
10:25-10:58 
11:37-11:49 

6:23-  8:03 

9:54-10:11 
12:47-12:54 

3-4 

2 
7 

7 
4 
3 

7 

5900 
4230 
5900 
5900 
5600 
5900 
4230 
5600 

II 
2 

II 

II 
3 

II 
2 
3 

3 
2 
3 
3 
0 
3 
2 
0 

7 
S 
7 
7 
3 
7 
5 
3 

1.760 
1-714 
1.888 
1.767 
X.783 
1-994 
1.982 
1-939 

3 

I 

I 
3 
3 

I 
3 

11 
20 
II 
II 

S-3 
II 
20 

5-3 

1-853 
1.857 
1.942 
1-852 
1.826 
2.022 
2.004 
r-939 

0.09s 
0.143 
0.054 
0.085 
0.043 
0.028 

July    9 
July  II 

July  20 

5  (mirrors  replated) 
Ver>'  haz>' 
Brighter,  still  hazy 
4,  no  haze 

Aug.  16 

Bright,  water-vapor 
haze 

0.000 

Table  II  gives  in  detail  the  new  measurements  discussed  above. 
They  are  alt  in  harmony  with  the  haze  explanation.     (My  14  plates 
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at  X  5900,  July  II,  yielded  a  velocity  of  —0.006  km  per  sec.  for 
the  means  of  4  atmospheric  lines,  showing  that  little  error  need  be 
feared  when  the  proper  precautions  in  focusing  the  plate  and  in 
illuminating  the  grating  evenly  are  taken.) 

Regarding  the  possibility  of  errors  of  measurement  in  the  results 
given  in  my  note  Mr.  Plaskett  says:  "The  difficulties  of  measure- 
ment of  broad  lines  increase  the  errors  and  chances  of  preposses- 
sions, especially  with  an  observer  whose  last  published  measures 
show  a  probable  error  for  even  well-defined  lines  of  0.06  km,  i.e., 
of  the  same  order  as  the  differences  measured." 

There  are  no  "chances  of  prepossessions,"  for  in  all  of  my 
spectroscopic  measurements  there  is  used  a  movable  mask,^  which, 
by  permitting  only  one  strip  of  spectrum  to  be  seen  at  a  time,  keeps 
hidden  not  only  the  magnitude  but  also  the  direction  of  displace- 
ment of  the  spectrum  Hnes  being  measured. 

In  the  series  referred  to  the  average  probable  error  was  o .  05  2  km 
per  sec.  (not  0.06),  and  in  this  very  series  numerous  repeated 
measures  of  a  certain  plate  have  previously  shown  that  about  half 
of  this  "probable  error  of  a  single  Une"  is  due  to  actual  differences 
for  different  lines  on  the  plate.  Also  the  plates  used  in  the 
series  referred  to  are  of  coarser  grain  and  the  definition  of  the 
fines  is  poorer  than  for  the  plates  at  X  4230,  referred  to  in  my 
note. 

In  Table  II  are  given  the  means  of  six  measurements  of  the 
latter  plates  (X  4230,  June  24  and  July  20),  including  the  single 
measures  reported  in  my  note — three  violet  right  and  three  violet 
left.  The  former  single  measure  differs  from  these  means  by  o .  002 
and  0.013  l^ni  per  sec.  for  the  Fe  lines,  and  0.063  ^^i^  0.021  km 
per  sec.  for  the  broad  Ca  line;  or,  expressed  in  millimeters,  these 
quantities  are  o.oooi,  0.0005,  0.0024,  a-i^d  0.0008.  The  differ- 
ences in  velocity  between  the  Ca  and  the  Fe  lines,  namely,  0.143 
and  0.622  km  per  sec,  point  to  an  even  greater  effect  of  blended 
spectrum  of  haze  than  was  supposed  from  the  differences  0.082 
and  0.014  km  per  sec.  given  in  the  previous  note. 

It  bears  strictly  on  the  whole  question  to  compare  these  differ- 
ences, based  on  measures  of  a  single  broad  line,  with  Mr  Plaskett's 

'  Journal  of  Ihe  Royal  Astronomical  Society  of  Canada,  5,  405,  191 1. 
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two-way  measurements  of  five  solar  lines  on  1 1 1  plates,  which  when 
repeated  yielded  an  average  difference  between  the  means  of 
0.055  km  per  sec,  of  which  differences  18  exceeded  o.  100  km  per 
sec.  and  6  have  a  mean  of  o.  152  km  per  sec.  of  the  same  magnitude 
as  the  "cyclic  variation  of  o.  15  km  per  sec." 

The  differences  derived  from  the  means  of  the  new  measure- 
ments of  the  X  4230  plates  of  June  24  and  July  20  effectively  annul 
the  following  argument  (even  if  we  overlook  the  fact  that  it  is 
fallacious  to  argue  as  he  has  done  from  my  measurements'  at  X  5  200 
to  those  of  other  lines  at  X  4230  without  previously  comparing  the 
extent  of  the  change  in  character  of  the  two  sets  of  lines  in  passing 
from  the  center  of  the  solar  disk  to  the  limbs) : 

The  measures  show  evidence,  according  to  the  criterion  of  varying  velocity 
for  different  line  intensity,  of  about  8  per  cent  haze.  This,  on  his  own  hypoth- 
esis, should  produce  about  an  8  per  cent  difference  in  velocity  on  the  two 
dates.  The  difference  in  mean  velocity  is  actually  12  per  cent,  leaving  a 
4  per  cent  change  in  velocity  to  be  accounted  for. 

3.  The  arguments  as  to  the  differences  in  value  of  the  rotation 
for  low  sun  and  slightly  higher  sun  are  based  on  "meager  and  incon- 
clusive"' data,  and  the  quantities  derived  are  so  very  small  (a  few 
thousandths  of  a  km  per  sec.)  that  they  are  without  meaning  when 
such  large  errors  of  measurement  are  present.  A  very  large  series 
of  obser\-ations  of  the  solar  rotation  from  early  morning  to  late 
afternoon  would  give  evidence  as  to  the  daily  development  (usually 
increasing  at  Ottawa)  of  haze  during  that  day,  and  if  many  days 
were  likewise  considered  a  valuable  statement  could  be  made  as  to 
the  daily  development  of  haze  at  the  locality  of  the  observations. 
No  such  measurements  could  possibly  cast  doubt  on  the  haze 
explanation  unless  at  the  same  time  contradictory  evidence  of 
the  changes  in  haze  were  obtained  by  other  reliable  means. 

It  may  be  said,  in  conclusion,  that  the  facts  presented  above 
make  the  claim  that  the  sun's  rate  of  rotation  varied  in  191 5  seem 
very  unreasonable.  All  others  who  have  made  spectroscopic 
investigations  of  the  solar  rotation  have  found  variety  in  their 
measures,  and  some  have  suggested  the  possibility  that  the  rate 

^  Astro  physical  Journal,  44,  184.  1916. 
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varied,  e.g.,  C.  A.  Young,^  Halm,^  Evershed  and  Royds^,  St.  John, 
Adams,  and  Ware.''  However,  Halm's  low  values  in  1902-1903  can 
be  readily  accounted  for  by  the  haziness  produced  by  the  volcanoes 
in  the  West  Indies  in  1902,  which  caused  a  marked  lessening  in  the 
values  of  solar  radiation.  The  low  values  obtained  in  1912-1913  by 
Evershed  and  Royds  may  have  been  due  to  the  Katmai  eruption 
in  June  191 2,  which  also  caused  a  great  lessening  in  the  measures 
of  solar  radiation.  The  low  values  of  rotation  obtained  at  Mount 
Wilson  and  Ottawa  in  19 15  also  seem  to  synchronize  with  low  values 
of  radiation,  i.e.,  it  may  be  presumed,  with  high  values  of  haziness. 
Apart  from  haze  various  instrumental  and  physical  causes  produce 
variations  in  the  measurements  of  solar  rotation.  When  the  effects 
of  all  known  causes  (haze,  local  convections  in  the  sun,  errors  of 
measurement,  etc.)^  are  eliminated  or  accounted  for,  it  probably 
will  be  possible  to  assert  that  the  rate  of  the  sun's  rotation  does 
not  appreciably  vary. 

The  foregoing  may  be  summarized  briefly  as  follows: 

1.  The  arguments  which  Mr.  H.  H.  Plaskett  advances  (in  his 
note  criticizing  my  explanation  of  his  observations  of  a  supposed 
"cyclic  variation"  in  the  sun's  rate  of  rotation  in  191 5,  as  due  to 
variations  in  terrestrial  haze)  are  based  on  fallacious  use,  or  inaccu- 
rate statement,  of  the  records  and  the  measurements. 

2.  A  synopsis  of  Mr.  Plaskett's  record  of  observations  and 
measurements  of  the  solar  rotation  supports  the  conclusion  that 
in  general  high  values  of  the  rotation  were  obtained  during  brighter 
conditions  and  low  values  during  hazier  conditions. 

3.  Measurements  of  Mr.  Plaskett's  plates,  as  well  as  of  mine, 
satisfy  the  criterion  of  blended  spectrum  of  haze  in  agreement  with 
the  record  of  observational  conditions. 

4.  The  known  terrestrial  sources  of  blended  spectrum  offer  a 
reasonable  explanation  of  the  supposed  variation  in  rotation,  so 

'  The  Sun  (1882),  p.  100. 

^  Transactions  of  the  Royal  Society  of  Edinburgh,  41,  89,  1904;  and  Aslronomische 
Nachrichien,  173,  287,  1906. 

^  Monthly  Notices,  13,  554,  1913. 

^Popular  Astronomy,  23,  641,  1915. 

5  DeLury,  Astrophysical  Journal,  44,  178,  1916. 
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that  it  is  unnecessar}-  to  employ  the  hypothetical  element  of  m}' 
explanation,  which  supposes  an  interplanetary  or  solar  source  of 
blended  spectrum. 

5.  At  present  there  is  no  sound  reason  for  beHeving  that  the 
rate  of  the  sun's  rotation  is  variable. 

I  wish  here  to  thank  the  director.  Dr.  Klotz,  for  his  approval 
of  the  publication  of  this  note. 

SoL.\R  Physics  Division 

DoMiNiox  Observatory,  Ottawa 

May  1918 
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Page  278,  eighth  line. /or  B.  Boss  read  Lewis  Boss. 
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OX  THE   CONDITIONS  IN  THE  INTERIOR  OF  A  STAR 

By  A.  S.  EDDIXGTOX 

I  have  described  a  theory  of  the  interior  of  a  gaseous  star  in  two 
papers  in  the  Monthly  Notices  of  the  Royal  Astronomical  Society.^ 
After  two  years'  experience  it  has  become  possible  to  make  some 
simplifications  in  the  treatment,  and  I  hope  that  the  following 
explanation  of  the  theory  will  be  more  easily  understood.  The 
investigation  applies  to  giant  stars  of  density  so  low  that  the  laws 
of  a  perfect  gas  are  appHcable. 

At  a  point  in  the  star  distant  r  from  the  center,  let  p  be  the 
pressure,  T  the  temperature,  p  the  density,  and  g  the  acceleration 
of  gra\aty.     The  ordinar\'  equation  of  hydrostatics  is 

It  is  characteristic  of  the  present  theory  that  the  pressure 
of  radiation  plays  an  important  part  in  the  equilibrium  of  the 
star,  and  we  shall  include  its  effects  in  the  equations.  The  pres- 
sure P  is  accordingly  made  up  of  the  ordinary  gas-pressure  p  and 
the  radiation-pressure  pR.     The  latter  is  equal  to  §E,  where  E  is 

'77. 16, 596, 1916-1917. 
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the  amount  of  radiant  energy  in  a  cubic  centimeter.  This  may  be 
seen  as  follows : 

Consider  the  momentum  entering  and  leaving  a  centimeter 
cube  through  one  of  its  faces.  We  may  simplify  the  problem  by 
resolving  the  energy  into  six  equal  trains  of  waves  proceeding  in 
directions  +^,  —x,  -\-y,  —y,  +s,  —  z,  respectively,  each  containing 
energy  |E  per  cubic  centimeter.  If  c  is  the  velocity  of  light,  the 
energy  crossing  any  face  in  a  second  will  be  that  contained  in  a 
column  of  length  c;  that  is  to  say,  energy  ^Ec  will  leave  the  cube 
and  |Ec  will  enter  through  that  face.  But  according  to  Poyn ting's 
law  the  momentum  carried  by  a  beam  of  light  is  i/c  times  the 
energy.  Thus  ^E  units  of  outward  momentum  leave  the  cube 
and  |E  units  of  inward  momentum  enter  the  cube  through  this 
face  per  second.  The  net  result  is  a  gain  of  ^E  units  of  inward 
momentum,  which  is  equivalent  to  a  pressure  |E  acting  on  the 
face.'  The  same  result  may  be  obtained  more  rigorously  by 
integrating  the  effects  of  waves  in  all  directions. 

It  is  well  known  that  the  radiant  energy  in  unit  volume  is  pro- 
portional to  the  fourth  power  of  the  absolute  temperature,  so  that 

E  =  aT4 

where  a  is  a  universal  constant  equal  to  7 .  06  •  io~'^,  the  units  being 
the  erg,  centimeter,  and  degree  centigrade.     Hence 

pR  =  iaT^  (2) 

and 

p-/>+iaT4  (3) 

We  obtain  another  equation  by  considering  the  flow  of  heat 
through  the  star.  It  is  fairly  obvious  that  the  flow  will  be  pro- 
portional to  the  gradient  of  the  energy-density  dE/dr,  and  inversely 
proportional  to  the  opacity  of  the  material.  The  rigorous  deriva- 
tion of  the  equation  has  been  given  by  me  elsewhere,^  and  also  by 

'  Remembering  that  the  energy  of  light-waves  is  half  kinetic  and  half  potential, 
the  pressure  is  two-thirds  of  the  kinetic  energ}-  in  unit  volume,  which  is  exactly  the 
same  result  as  for  the  pressure  of  gas  molecules. 

^  Monthly  Notices,  77,  18-19,  1916-1917. 
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Jeans/  and  it  seems  unnecessary  to.  repeat  it.  The  following 
general  argument  ^\^ll  serve  our  purpose.  The  radiation  is  being 
forced  through  matter,  as  through  a  sieve,  by  the  pressure  acting  on 
it.  In  a  steady  state  the  flow  will  be  proportional  to  the  pressure- 
gradient  dpR/dr,  and  inversely  proportional  to  the  obstruction  of 
the  matter.  The  obstruction  will  be  proportional  to  the  density  p 
and  to  the  specific  absorptive  power  k  of  the  material.  Hence 
if  H  is  the  outward  flow  of  energy  per  square  centimeter  per 
second, 

H  =  constant  Xi r-* 

kp  dr 

On  examining  the  dimensions  of  this  equation,  the  constant  is 
found  to  have  the  dimensions  of  velocity.  Now  c  is  the  only 
velocity  with  which  we  are  concerned.     We  thus  obtain 

The  absence  of  any  numerical  multiplier  could  not  be  deduced  by 
the  argument  given  here,  but  it  is  justified  by  the  more  rigorous 
discussions  referred  to.  The  meaning  of  the  mass-coefficient  of 
absorption  k  is  that  a  layer  of  material  of  density  p  and  thickness 
dr  will  absorb  or  scatter  the  fraction  kpdr  of  the  radiation  traversing 
it.  Equation  (4)  applies  only  as  long  as  the  net  flow  of  heat  in  any 
direction  is  small  compared  with  the  gross  flow  in  all  directions,  and 
it  becomes  inaccurate  near  the  photosphere  of  a  star. 
From  (i)  and  (4)  we  can  eliminate  dr,  obtaining 

^P  =  ^^#i?  (5) 

We  shall  now  make  certain  approximations,  which  it  wfll  be 
more  easy  to  justify  after  deducing  the  consequences.  The  fact  is 
that  I  originally  made  them  expecting  to  obtain  only  crude  results, 
but  they  appear  to  be  verified  very  closely  by  observation. 

^Monthly  Xotices,  78,  28-31,  1917. 
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I  assume  that  the  absorption-coefficient  k  can  be  treated  as 
constant  throughout  the  star.  I  further  assume  that  H  is  propor- 
tional to  g  throughout  the  star.     In  that  case  we  can  write 

—  =  I  —  p ,  a  constant  for  the  star,  (6) 

and  (5)  can  be  integrated  at  once,  giving 

PR=il-(3)F  (7) 

so  that 

P  =  I3p  (8) 

If  L  is  the  total  radiation  of  the  star  (practically  its  absolute 
luminosity),  M  its  mass,  R  its  radius,  and  G  the  constant  of  gravita- 
tion, then  at  the  boundary 

L=47rR^H 
and 

Thus  (6)  gives 


Lk 


47rcGM 


=  1-^ 


or 


L=^M(i-^)  (9) 


It  is  true  that  our  equations  fail  just  short  of  the  boundary  of  the 
star;  but  clearly  the  value  of  the  left  side  of  (6)  just  within  the 
boundary  will  be  continuous  with  the  value  at  the  boundary,  so 
that  no  appreciable  error  is  caused  by  taking  the  boundary  values. 

The  law  of  a  perfect  gas  is  that  p  varies  as  pT,  or 


p=-pT  (10) 


where  m  is  the  molecular  weight,  or  average  weight  of  the  ultimate 
independent  particles  in  terms  of  the  hydrogen  atom  as  unit,  and 
IS  is  the  universal  gas-constant,  whose  value  is  8. 29  •  lo^ 
From  (2)  and  (7) 


and  by  (8)  and  (10) 


p  =  1-^X4 


p  =  ~f-pT. 
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Hence,  eliminating  T, 

p  =  Kp3  (11) 

where 


Equation  (11)  and  the  hydrostatic  equation 

^,  =  -SP  (13) 

together  determine  the  condition  of  equilibrium  of  the  star. 

The  solution  of  these  equations  is  a  rather  difficult  problem 
involving  quadratures,  but  fortunately  it  has  been  fully  treated  by 
Emden  in  his  book  Gaskugeln  in  connection  with  an  entirely 
different  theor}'  of  stellar  equilibrium.     We  can  use  his  results. 

In  finding  the  solution  for  a  particular  star  we  may  suppose  that 
the  mass  M,  radius  R,  and  molecular  weight  m  are  given.  Since 
/3  is  unknown,  the  constant  k  is  at  our  disposal,  and  we  must  deter- 
mine it  so  that  in  the  solution  the  star  actually  does  terminate  at 
the  radius  R  and  contain  the  assigned  mass.  Suppose  we  have 
found  K  for  a  star  of  unit  mass,  unit  radius,  and  unit  molecular 
weight.  If  we  multiply  all  our  lengths  by  R  and  all  our  masses  by 
M,  we  shall  have  a  star  of  radius  R  and  mass  M.  The  densities 
at  corresponding  points  will  be  multiplied  by  ^M/  R%  and  the  values 
of  g  by  M/R^.  Putting  in  these  factors  in  (13),  we  see  that  the 
values  of  p  will  be  multiplied  by  M^R''-     But  (11)  then  gives 

M^       /M 

R4     Vr' 

so  that  K  must  be  multiplied  by  M^  in  order  that  the  solution  may 
still  fit.     Thus  by  (12) 


giving  the  equation 

1-/3  =  constant  XM^w^iS^  (14) 

to  determine  /?. 

The  most  important  result  is  that  R  has  disappeared,  so  that 
the  value  of  /3  depends  on  the  mass,  but  not  on  the  radius,  of  the 
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star.  Since  it  is  unlikely  that  the  molecular  weight  will  alter 
appreciably,  /3  will  remain  constant  throughout  the  evolution  of  a 
star  until  it  becomes  too  dense  to  behave  as  a  perfect  gas. 

Accordingly  by  (9)  kL  is  constant  for  stars  of  the  same  mass. 

The  luminosity  {or  more  strictly  the  total  radiation)  of  a  giant  star 
is,  for  a  given  mass,  inversely  proportional  to  its  opacity  and  is  other- 
wise independent  of  its  density  or  stage  of  evolution. 

If  the  opacity  is  the  same  for  all  stars,  we  have  an  explanation 
of  the  well-known  result  that  the  average  luminosity  of  the  giant 
stars  is  nearly  the  same  for  all  spectral  types.  Conversely  we 
deduce  that  this  observational  result  is  due  to  the  opacity  of  stellar 
material  being  independent  of  the  temperature  (at  high  tempera- 
tures) ;  and  it  affords  at  least  a  partial  verification  of  our  assump- 
tion that  k  can  be  treated  as  constant  inside  any  particular  star. 

The  law  can  also  be  stated  in  the  form :  for  stars  of  the  same  mass 
the  elective  temperature  is  proportional  to  the  sixth  root  of  the  density. 
This  is  deduced  from  (6) ,  the  emission  of  radiation  per  unit  area, 
H,  being  proportional  to  the  fourth  power  of  the  effective  tempera- 
ture, and  g  being  proportional  to  p'. 

To  find  how  the  luminosity  depends  on  the  mass  we  have  to 
solve  (14)  for  /3.  It  is  thus  necessary  to  know  the  constant  occur- 
ring in  the  formula.  This  can  be  obtained  only  by  numerical  cal- 
culation from  Emden's  solution/  If  the  hydrogen  atom  is  the 
unit  of  m,  and  the  sun's  mass  the  unit  of  M,  I  find  that  (14)  becomes 

I— /3  =  o.oo26ow']\PjS^  (15) 

On  theoretical  grounds  the  molecular  weight  must  be  taken  a 
little  greater  than  2.  This  is  because  an  atom  of  atomic  weight  A 
consists  of  a  nucleus  and  approximately  |  A  electrons;  and  at  the 
high  temperatures  within  the  star  the  strong  ionization  will  detach 
most  of  the  electrons,  so  that  they  count  as  independent  molecules. 
The  average  weight  of  the  ultimate  particles  must  thus  be  a  little 

'  For  the  sun  treated  as  a  perfect  gas  of  molecular  weight  18,  Emden  gives 
(pp.  101-102,  example  D),  at  the  center  p=  74.94,  P=i.i86  •  10".  Hence  by  (11) 
'''  =  3-754  •  lo''^-  Inserting  this  value  in  (12),  with  0  =  7. 06  •  lo-'s,  ^  =  8.29  •  10',  we 
obtain  i  — ^  =  o.oo26w'^-'.  In  this  case  M  =  i,  so  that  the  constant  in  (14)  must  be 
0.0026.  The  other  examples  given  bj'  Emden  refer  to  laws  of  distribution  outside  our 
theorv. 
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greater    than    2,    whatever    may   be    the    material    (other    than 
hydrogen) .     I  adopt  111  =  2. 8.^ 

Sohing  (15)  for  /3,  we  obtain  the  follo^^'ing  results  for  various 
values  of  M. 


Mass 
(Sun  =  i) 


1 .0. 

30. 

4-5- 

6.5. 

13.0. 


Absolute  Magnitude 


0.036 

+  2' 

•6 

.106 

+  0 

7 

-174 

—  0 

3 

.320 

—  I 

7 

.409 

—  2 

4 

.487 

-3 

0 

.615 

-4 

0 

The  absolute  magnitude  in  the  last  column  is  obtained  by  con- 
verting into  magnitudes  the  quantity  L,  which  is  proportional  to 
^1(1— /3)  by  (9).  The  difference  of  absolute  magnitude  is  thus  the 
difference  of  2.^  logioM(i— /S).  Since  we  do  not  know  k.  the 
datum  point  must  be  found  from  obserA-ation.  We  may  adopt 
—0^*3  as  the  average  absolute  magnitude  of  the  giants,  and  I  take 
this  to  correspond  to  a  mass  i .  5  times  that  of  the  sun.  By  various 
checks  this  has  been  found  the  most  likely  value.  The  magnitude 
here  considered  is  the  bolometric  magnitude,  corresponding  to  the 
total  radiation;  it  agrees  with  the  visual  magnitude  for  t}pes 
F  —  G,  but  the  earlier  and  later  t}'pe5  are  sHghtly  less  luminous  in 
proportion  to  the  total  radiation. 

As  an  illustration,  the  great  majority  of  giant  stars  of  t\pes  F 
and  G  in  Adams  and  Joy's  Ust^  are  comprised  between  absolute 
magnitudes  +2^'o  and  —  0^*5.  We  should  infer  from  the  foregoing 
table  that  their  masses  are  between  o .  7  and  i .  6  times  that  of  the 
sun — a  remarkably  small  range. 

It  is  also  of  interest  to  notice  that  1-/3,  which  represents  the 
fraction  of  the  total  pressure  due  to  radiation-pressure,  increases 

'  The  retention  of  the  last  few  electrons  causes  a  ver\'  slow  rise  of  m.  The  some- 
what odd — but,  I  believe,  satisfacton- — value  2y'2  is  adopted  in  order  to  avoid  correct- 
ing some  lengthy  calculations  made  in  a  former  paper,  intended  to  represent  m  =  2;  this 
change  in  m  eliminates  an  erroneous  factor  in  that  paper  (I  had  taken  the  radiation- 
pressure  to  be  |E  instead  of  |E) . 

^  Astro  physical  Journal,  46,  334,  1917. 
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from  insignificance  to  predominance  in  the  range  of  masses  covered 
by  the  table.  I  think  that  this  points  to  radiation-pressure  as  the 
cause  determining  the  aggregation  of  the  matter  of  the  universe  into 
stars  usually  between  these  limits  of  mass  rather  than  into  units 
of  a  quite  different  order  of  magnitude. 

Knowing  by  observation  the  approximate  rate  of  radiation  of 
energy  from  a  star  of  given  mass,  we  can  determine  k,  which  is  now 
the  only  unknown  in  equation  (9).  The  sun,  magnitude  5^4, 
radiates  3.8  •  10^^  ergs  per  second;  and  a  giant  star  of  mass  1.5, 
which  is  5.4  magnitudes  brighter,  radiates  145  times  as  fast.  We 
have 

L  =  5.5  •  10^^  ergs  per  second;  M  =  2.9i  •  lo-'^gm;  0  =  3  •  io'°  cm 
per  second;   G  =  6.66'io~^;    1-/3  =  0.174.     Hence  ^  =  23  C.G.S.  units. 

This  means  that  radiation  would  be  reduced  to  about  a  third  {i/e) 
of  its  original  intensity  in  passing  through  a  layer  of  1/23  gm  per 
square  centimeter,  or  a  thickness  of  about  30  cm  at  atmospheric 
density.  The  stars  are  thus  amazingly  opaque  to  radiation,  and 
this  accounts  for  the  large  radiation-pressure  which  exists.  If 
the  radiation  within  the  star  were  light  of  ordinary  character  it 
would  be  difficult  to  understand  so  high  an  opacity;  but  at  the 
high  temperatures  in  the  interior  the  radiation  is  of  short  wave- 
length and  is  more  akin  to  X-rays.  Laboratory  experiments  on 
the  absorption  of  X-rays  give  results  of  the  same  order  of  magnitude 
as  that  here  found  in  the  stars. 

Our  conclusion  that  at  reasonably  high  temperatures  the  coeffi- 
cient of  absorption  becomes  constant,  or  nearly  so,  is  not  a  hitherto 
known  physical  law;  but  I  think  that  the  evidence  of  the  magni- 
tudes of  giant  stars  makes  it  fairly  certain.  Laboratory  experiments 
on  X-rays  show  a  strong  dependence  of  the  absorption-coefficient 
on  the  wave-length  (and  therefore  on  the  temperature)  of  the 
radiation  absorbed;  but  they  are  concerned  with  streams  of  much 
less  intensity  than  in  the  stars.  In  the  laboratory  it  is  a  ques- 
tion of  how  often  an  absorbing  atom  can  intercept  one  of  the 
occasional  bundles  of  radiation  flying  past ;  in  the  star  it  is  a  ques- 
tion rather  of  how  fast  it  can  deal  with  the  bundle  and  get  ready  to 
catch  another. 
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We  assumed  at  an  earlier  stage  that  H/g  remains  constant  at 
different  points  in  a  star.  From  Emden's  solution  it  is  possible 
to  test  how  far  this  holds,  assuming  that  the  energy  comes  solely 
from  contraction.  It  is  found  that  from  the  boundary  to  the 
center,  H/g  increases  slowly  in  the  ratio  i  at  the  boundary  to  i .  7 
at  the  center.  The  variation  is  insignificant  from  our  point  of 
view.  We  could  take  account  of  it  and  proceed  to  a  second  approxi- 
mation; but  it  is  very  uncertain  whether  the  energy  radiated  by  a 
star  is  derived'  from  contraction. 

Further  applications,  and  in  particular  a  tentative  extension  to 
stars  of  density  too  great  to  behave  as  a  perfect  gas,  will  be  found 
in  the  second  of  the  two  papers  referred  to.  I  conclude  this  intro- 
ductory account  by  giving  a  table  of  the  temperature  and  density 
according  to  this  theory  within  a  star  of  mass  i .  5  times  the  sun, 
mean  density  0.002  gmcm~^,  and  molecular  weight  2.8.  The 
unit  of  r  is  rather  arbitrary,  the  radius  being  taken  as  6.9  units;  in 
this  star  the  unit  happens  to  be  approximately  1,000,000  kilometers. 
For  any  other  star  the  densities  must  be  changed  in  proportion  to 
the  mean  density  and  the  temperatures  in  proportion  to  M^p^/3. 
The  calculation  of  these  numbers  depends  on  Gaskugeln,  page  80, 
Table  7. 

DENSITY  AND  TEMPERATURE  IN  A  TYPICAL 
GIANT  STAR 
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6.9 


Abs.  C. 
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4,650,000° 

0678 

3,980,000 

0215 

2,710,000 

00503 

1,670,000 

00 1 00 

974,000 

000149 

517.000 

0000093 

207,000 

0000000 

More  than  half  the  mass  is  within  the  sphere  r  =  2,  and  less 
than  1/20  is  outside  r  =  4.  A  star  of  this  density  would  be  of  type 
about  F7, 

Cambridge,  England 
August  15,  1918 


THE  VARIATION  IN  LIGHT  AND  COLOR  OF 
RS  BOOTIS^ 

By  FREDERICK  H.  SEARES  and  HARLOW  SHAPLEY 

A  variation  in  the  light  of  RS  Bootis^  was  first  noted  by 
Mrs.  Fleming  on  a  photograph  made  at  Arequipa  on  May  24, 
1906.^  Other  plates  in  the  Harvard  collection,  some  made  as 
early  as  1890,  indicated  a  period  of  about  12  hours  and  an  ampli- 
tude of  one  magnitude.  Visual  observations  by  Scares  and  Haynes 
at  the  Laws  Observatory  in  June  and  July,  1908,  gave  the  pro- 
visional elements  i'' 

Max.  =  J.D.  2418115. 626+0. 37722  E,  G.M.T.  (i) 

and  revealed  a  variation  similar  to  that  of  the  short-period  vari- 
ables so  numerous  in  certain  globular  clusters. 

Only  a  few  such  objects  were  known  among  the  stars  at  large. 
Williams,  during  1900-1903,  had  recognized  Y  Lyrae,  UY  Cygni, 
and  RZ  Lyrae;  and  observations  at  the  Laws  Observatory  in 
1 906- 1 908  had  identified  RV  Capricorni,  SU  Draconis,  and 
SW  Andromedae.  RR  Lyrae,  RR  Geminorum,  and  one  or  two 
others  had  previously  been  discovered;  but  the  total  number  of 
isolated  cluster-type  variables,  now  about  forty-five,  did  not  then 
exceed  a  dozen.  The  discovery  of  RS  Bootis  therefore  emphasized 
the  interest  of  this  peculiar  type  of  variability,  and  the  visual 
observations  begun  at  the  Laws  Observatory  were  accordingly 
continued  with  some  persistence  until  July,  19 10.  The  results 
of  these  measures,  542  observations  in  all,  are  collected  in  Table  I.^ 

'  Contributions  from  the  Mount  Wilson  Solar  Observatory,  No.  159. 

^^  B.D.-f-32°2489,  9.3,  i4'>27™2i»,  -|-32°23.'4  (1855).  For  a  modern  position  cf. 
Astronomische  Abhandlungcnder  Hamburger  Sternwarte,  i,  No.  3,  1909. 

^Harvard  Circular,  No.  124;  Astronomische  Nachrichten,  174,  105,  1907;  176, 
188,  1907. 

■*  Laivs  Observatory  Bulletins,  1,  240,  1908. 

5  These  observations  were  made  with  the  assistance  of  a  grant  from  the  Gould 
Fund  of  the  National  .\cademy  of  Sciences. 
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TABLE  I 
Visual  Observations  of  RS  Bootis 


J.D. 

Phase 

Star, 
Obs. 

Vis.  Mag. 

0-C             J 

D. 

Phase 

Star, 
Obs. 

Vis.  Mag. 

0-C 

2417- 

712 

661 

59 

bH 

10.  22 

+  16 

660.611 . . 

80 

aH 

10.17 

—    2 

672 

70 

6H 

10.30 

+  17 

bB. 

10.06 

-13 

685 

.1        83 

6H 

10.36 

+  15 

.685.. 

154 

aB. 

10.68 

+  20 

700 

■          98 

6H 

10.47 

+  20 

iH 

10.50 

+    2 

728 

126 

bB 

10.61 

+  22 

•752.  . 

221 

jH 

10.94 

+32 

748 

146 

6H 

10.65 

+  19 

6H 

10.86 

+  24        715 

618 

374 

6H 

10.33 

—   I 

.786.. 

255 

aH 

10.94 

+  28 

635 

14 

blA 

10.36 

+30 

6H 

10.98 

+32 

649 

28 

6H 

10.45 

+59 

667.608. . 

285 

aH 

10.85 

+  16 

667 

.        46 

5H 

10.33 

+35 

m 

10.80 

+  11 

683 

62 

6H 

10.38 

+30 

.651.. 

328 

aH 

10.94 

+  24 

69s 

74 

6H 

10.53 

+38 

6H 

10.83 

+  13 

727 

106 

bB. 

10.43 

+  13 

.697.. 

374 

aH 

10.48 

+  14 

744 

•       123 

6H 

10.55 

+  17 

bn 

10.46 

+  12 

761 

140 

6H 

10.47 

+  3 

.728.. 

28 

flH 

10.30 

+44 

774 

•       153 

bB 

10.52 

+  4 

Z»H 

10.36 

+50 

790 

169 

bB 

10.55 

+   2 

.764.  . 

64 

aH 

10.25 

+  16 

812 

.       191 

bB 

10.54 

-   3 

6H 

10. 19 

+  10 

827 

206 

bB 

10.59 

—    I 

.869.. 

169 

aH 

IO-53 

0 

84s 

.  1     224 

bB 

10.46 

-17 

6H 

10.62 

+  9 

862 

.       241 

bB 

10.47 

-18 

.910. . 

210 

oH 

10.62 

+   I 

880 

•       259 

bB 

10.43 

-24 

/)H 

10.63 

+   2        716 

617 

241 

bB 

10.57 

-   8 

675.909. . 

285 

aH 

10.96 

+  27 

640 

264 

bB 

10.76 

+  9 

6H 

10.9s 

+  26 

656 

280 

bB 

10.73 

+  4 

679.751.  . 

353 

aH 

10.  24 

-39 

671 

•       295 

^S 

10.71 

+   I 

6H 

10.39 

-24       742 

623 

212 

oH 

10.3s 

-26 

687.590.  . 

268 

6H 

10.81 

+  13 

bB 

10.25 

-36 

.8.26.. 

127 

6H 

10.  70 

+30 

654 

.       243 

bB 

10.50 

-15 

.849.. 

ISO 

&H 

10.62 

+  15 

681 

.       270 

bB 

10.54 

-14 

.868.. 

169 

&H 

10.63 

+  10 

701 

290 

bB 

10.59 

—  II 

.890.. 

191 

bYL 

10.60 

+  3 

737 

■      326 

bB 

10.75 

+  5 

689 . 703 .  . 

117 

&H 

10.52 

+  16 

777 

.       366 

bB 

10.41 

-   6 

•  735-  - 

149 

&H 

10.53 

+  6 

806 

18 

bB 

9-94 

-   6 

.765.. 

179 

bB 

10.63 

+  8 

832 

44 

bB 

10.30 

+34 

.810. . 

224 

bB 

10.82 

+  19  1 

865 

77 

bB 

10.32 

+  15 

.840. . 

254 

6H 

10.77 

+  11   '■    762 

632 

.       224 

aH 

10.62 

—    I 

.872.. 

286 

6H 

10.80 

+  10 

634 

226 

^.H 

10.56 

-   7 

690.585.  . 

245 

6H 

11.05 

+40 

660 

252 

aH 

10.62 

-   4 

.601 .  . 

261 

6H 

10.96 

+  29 

663 

■       255 

bB 

10.57 

-   9 

697.580.  . 

70 

6H 

10.28 

+  15 

682 

274 

aH 

10.78 

+  10 

. 605 .  . 

95 

6H 

10.25 

—   I    1 

686 

.       278 

bB 

10.89 

+  20 

.632. . 

122 

aH 

10.75 

+37 

688 

280 

aH 

10.92 

+  23 

&H 

10.46 

+  8 

692 

284 

bB 

10.54 

-15 

.658.. 

148 

6H 

10.76 

+30    , 

714 

■       306 

oB 

10.89 

+  19 

.690.  . 

180 

6H 

10.81 

+  26 

716 

.       308 

bB 

10.68 

—    2 

•  733 •  • 

223 

6H 

10.87 

+24  : 

749 

341 

oB 

10.74 

+  S 

•778.. 

268 

&H 

10.89 

+21  ! 

751 

343 

bB 

10.84 

+  16 

•  793  •  • 

283 

6H 

10.99 

+30 

795 

10 

aB 

10.23 

+  11 

.811. . 

301 

^/H 

10.80 

+10 

798 

13 

bB 

10.42 

+34 

■873-. 

363 

&H 

10.59 

+  7 

838 

S3 

oB 

10.02 

—    I 

712.649.  . 

47 

6H 

10.26 

+27 

840 

55 

bB 

10.08 

+  4 
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J.D. 

Phase 

Star, 
Obs. 

Vis.  Mag. 

0-C 

J.D. 

Phase 

Star, 
Obs. 

Vis.  Mag. 

0-C 

763 • 643 •  • 

103 

flH 

IO-59 

+30 

037-936. . 

70 

aH 

10. II 

—    2 

. 645 • ■ 

105 

&H 

10.34 

+  4 

bB 

10.23 

+  10 

.677.. 

137 

aH 

10.44 

+   I 

057.667. . 

180 

aH 

10.19 

-36 

.678.. 

138 

m 

10.32 

—  II 

bB 

10.33 

—  22 

. 702 .  . 

162 

aH 

IO-57 

+  6 

.683.. 

196 

bB 

10.34 

-24 

.704.  . 

164 

m 

10  54 

+  3 

. 701 .  . 

214 

bB 

10.34 

-27 

. 707 .  . 

167 

aH 

10,62 

+  10 

.725.. 

238 

bB 

10.30 

-35 

. 709 .  . 

169 

5H 

10.46 

-   7 

115.626. . 

32 

aS 

9.72 

-13 

777.629.. 

128 

hn 

10.40 

0 

.665.. 

71 

aS 

10.02 

—  12 

.654. . 

153 

6H 

10 -59 

+  11 

. 708 . . 

114 

aS 

10.38 

+  4 

. 701 .  . 

200 

&H 

10.50 

-   9 

.711. . 

117 

aS 

10.49 

+  13 

■750-  • 

249 

iH 

10.82 

+  16 

■  745 •  • 

151 

^S 

10.79 

+32 

.798.. 

297 

iH 

10.63 

-   7 

.786.. 

192 

aS 

10.85 

+  28 

787.612. . 

302 

aH 

10.77 

+  7 

.790.  . 

196 

aH 

10.72 

+  14 

.614. . 

304 

iH 

10.41 

-29 

bB 

10.61 

+  3 

.632. . 

322 

aH 

10.80 

+  10 

.836.. 

242 

aS 

II  .00 

+35 

.634.  . 

324 

iH 

10.98 

+  28 

. 840 .  . 

246 

aH 

10.68 

+   2 

. 706 .  . 

19 

aH 

9-73 

-26 

. 843 ■  • 

249 

aS 

10.80 

+  14 

. 708 .  . 

21 

5H 

10.14 

+  18 

.883.. 

289 

aS 

11.05 

+35 

788 . 606  .  . 

163 

aH 

10.44 

-   7 

.887.  . 

293 

aH 

10.79 

+  9 

.608.. 

165 

bB. 

10.56 

+  5 

117. 619.  . 

138 

aH 

10.36 

-   7 

.624. . 

181 

oR 

10.61 

+  6 

bB 

10.32 

—  II 

.626.. 

183 

m 

10.45 

—  II 

.657.. 

176 

aS 

10.58 

+  4 

.642.,. 

199 

aH 

10.61 

+  2 

bS 

10.61 

+  7 

. 645 .  . 

202 

bH 

10.60 

+  I 

. 704 .  . 

223 

aS 

10.56 

-   7 

.661.. 

218 

aH 

10.44 

-18 

bS 

10.58 

-  5 

.664.. 

221 

6H 

10.78 

+  16 

. 741 .  . 

260 

aS 

10.47 

—  20 

.685.. 

242 

aH 

10.73 

+  8 

bS 

10.63 

-  4 

.687.. 

244 

6H 

10.65 

0 

.783.. 

302 

bS 

10.61 

-  9 

. 709 .  . 

266 

aH 

10.5s 

-13 

.787.. 

306 

bB 

10.67 

-  3 

.712.  . 

269 

6H 

10.83 

+  15 

.829.  . 

348 

bS 

10.62 

-  4 

•735-  • 

292 

aH 

10.69 

—   I 

.832.. 

351 

bB 

10.  70 

+  6 

•737- • 

294 

bB. 

10.63 

-   7 

.865.. 

7 

bS 

10.  21 

+  4 

■759- • 

316 

aH 

10.96 

+  26 

.868.. 

10 

bB 

10.15 

+  3 

.761.. 

318 

hn 

10.74 

+  4 

.872.. 

14 

bS 

10.00 

-  6 

994 . 683  .  . 

212 

aH 

10.77 

+  16 

.874- • 

i6 

bB 

9.98 

-   5 

&H 

10.58 

-  3 

.878.. 

20 

bS 

9.80 

-17 

. 709 .  . 

238 

aH 

10.38 

+  27 

.880.. 

22 

aS 

9-74 

—  20 

m 

10.46 

+19 

.883.. 

25 

aH 

9-74 

-16 

.776.. 

305 

aH 

10.47 

-23 

.886.. 

28 

aS 

985 

—   I 

bH 

10.47 

-23 

bS 

9.86 

0 

.874.. 

26 

aH 

9.81 

-   7 

. 890 . . 

32 

aH 

9.72 

-13 

6H 

9.87 

—   I 

.893.. 

35 

aS 

9.76 

—  II 

. 898 .  . 

50 

aH 

9.66 

-35- 

.894.. 

36 

aH 

9.71 

-17 

6H 

9-79 

—  22 

.897.. 

39 

aS 

9.81 

—  10 

.913.  . 

65 

aH 

9.89 

—  21 

118. 604. . 

369 

aS 

10.31 

—  12 

&H 

9.81 

-29 

. 607 . . 

372 

aS 

10.37 

0 

2418- 

.610. . 

375 

aS 

10.26 

-  6 

037 •598. . 

109 

hB. 

10.42 

+10 

.611. . 

376 

aS 

10.17 

-13 

.656.. 

167 

bYL 

10.41 

—  II 

.614. . 

I 

aS 

10.08 

-19 

. 706 . . 

217 

bB 

10.65 

+  3 

.617.. 

4 

aS 

10.01 

—  21 

•767.. 

278 

bB 

10.54 

-IS 

.620. . 

7 

aS 

9.89 

-28 

.899.. 

33 

bB 

10.13 

+  27 

.622. . 

9 

aS 

983 

-31 
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TABLE  1— Continued 


J.D. 

Phase 

Star, 
Obs. 

Vis.  Mag. 

0-C 

J.D. 

Phase 

Star, 
Obs. 

Vis.  Mag. 

0-C 

118.625.  . 

12 

aS 

9.81 

-28 

131.785.. 

344 

5S 

10.80 

+  13 

.627.  . 

14 

aS 

9.84 

—  22 

.788.. 

347 

hn 

10.62 

-   4 

.629.  . 

16 

aS 

9.72 

-31 

.790. . 

349 

bS 

10.76 

+  11 

.631.. 

18 

aS 

9.72 

-28 

.792. . 

351 

6H 

10.75 

+  11 

•635- ■ 

22 

aS 

9.71 

-23 

. 801 . . 

360 

bS 

10.63 

+  6 

.638.. 

25 

aS 

9-77 

-13 

.803.. 

362 

bB. 

10.52 

—   2 

. 639 .  . 

26 

aS 

9.69 

-19 

.805.. 

364 

bS 

10.50 

—   I 

.643. . 

30 

aS 

9-74 

—  II 

. 807 . . 

366 

bU 

10.62 

+  15 

.646.. 

2>2> 

aS 

9.82 

-   4 

.810. . 

369 

bS 

10.40 

-   3 

.649. . 

36 

aS 

9.86 

—    2 

.812.. 

371 

bB. 

10.47 

+  8 

.651.. 

38 

aS 

9.82 

-  8 

.819.  . 

I 

bS 

10.16 

—  II 

.668.. 

55 

aS 

9-93 

—  II 

.822.  . 

4 

bH 

10.00 

—  22 

.670.  . 

57 

aS 

9-93 

—  12 

.826.. 

8 

bS 

10.09 

-  6 

.685.. 

72 

aS 

10.15 

+  I 

1.32-633.  . 

60 

aH 

10.07 

'  0 

.687.. 

74 

aS 

10.06 

-  9 

bK 

10.02 

-   5 

. 708 . . 

95 

aS 

10.26 

0 

;667.. 

94. 

aH 

10.27 

+   I 

.710.  . 

97 

cS 

10.34 

+  7 

bB. 

10.30 

+  4 

■731- • 

118 

aS 

10.23 

-13 

.718.. 

145 

aB 

10.45 

0 

•  733  ■  • 

120 

dR 

10.44 

+   7 

bB 

10.40 

-   5 

.769.. 

156 

aS 

10.58 

+  9 

.764. . 

191 

aB 

10.68 

+  11 

.772.. 

159 

aH 

IO-55 

+  5 

bB 

10.59 

+   2 

.835-. 

222 

aS 

10.50 

—  12 

139.615. . 

250 

aS 

10.39 

-27 

.838.. 

225 

oS 

10.74 

+  11 

bS 

10.54 

—  12 

.840. . 

227 

aH 

10.66 

+  3 

.618. . 

253 

aB 

10.76 

+  10 

.844-. 

231 

aH 

10.62 

—   2 

bB 

10.74 

+  8 

6H 

10.64 

0 

. 690 . . 

325 

aB 

10.70 

0 

120.604. . 

105 

aH 

10.14 

-16 

bB 

10.69 

—   I 

.606.. 

107 

aH 

10.20 

—  II 

.714. . 

349 

aS 

10.53 

—  12 

.610. . 

III 

aS 

10.17 

-16 

bS 

10.62 

-  3 

.612. . 

"3 

aS 

10.19 

-15 

.718.. 

353 

aB 

10.53 

—  10 

.614. . 

115 

aH 

10.31 

-  4 

bB 

10.57 

-   6 

.616.. 

117 

cH 

10.  26 

—  10 

•723- • 

358 

aS 

10.43 

-16 

.619.  . 

120 

aS 

10.25 

—  12 

bS 

10.53 

-  6 

.622. . 

123 

aS 

10.12 

-26 

.728.. 

363 

aB 

10.49 

-  3 

.626.. 

127 

cH 

10.38 

—    2 

bB 

10.48 

-  4 

5H 

10.35 

-   5 

•732- ■ 

367 

aS 

10.38 

-  8 

.631.. 

132 

aS 

10.29 

-13 

bS 

10.33 

-13 

ftS 

10.35 

~"   7 

.736.. 

371 

aB 

10.31 

-  8 

122.615.  • 

229 

aS 

10.44 

—  20 

1 

bB 

10.42 

+  3 

6S 

10.48 

-16 

.740. . 

375 

aS 

10.26 

-   6 

.671.. 

285 

aS 

10.54 

-15 

bS 

10.43 

+  11 

6S 

10.45 

-24 

•747- ■ 

5 

aB 

10.16 

-  4 

.716.. 

330 

aS 

10.72 

+•2 

bB 

10.23 

+  3 

6S 

10.50 

—  20 

•751- ■ 

9 

aS 

9.92 

—  22 

131.654.. 

213 

aH 

10.58 

-  3 

bS 

10.24 

+  10 

6H 

10.61 

0 

1          .756.. 

14 

aB 

10.02 

-   4 

.697. . 

256 

aS 

10.58 

—  9 

bB 

10.07 

+   I 

hS 

10.62 

-   5 

.760. . 

18 

aS 

9.86 

-14 

.700. . 

259 

6H 

10.65 

—   2 

bS 

9.91 

-  9 

•743- • 

302 

6S 

10.65 

-   5 

.765.. 

23 

aB 

9.89 

-   4 

•  745 •  • 

304 

i)H 

10.73 

+  3 

bB 

9-97 

+  4 

•774-  • 

333 

bS 

10.77 

+   7 

.770.. 

28 

aS 

9  63 

-23 

.  .776.. 

335 

6H 

10.76 

+  6 

; 

bS 

9.84 

—    2 

2lJ 
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J.D. 

Phase 

Star, 
Obs. 

Vis.  Mag. 

0-C 

J.D. 

Phase 

Star, 
Obs. 

Vis.  Mag. 

0-C 

139 ■774- • 

32 

aH 

9.80 

-   5 

178.624. . 

19 

oH 

10.02 

+  3 

hH 

9.91 

+  6 

bB 

10.05 

+  6 

.779. . 

37 

oR 

9.82 

-   7 

.626. . 

21 

aB 

9-95 

—    I 

.782.. 

40 

aH 

9.76 

-16 

bB 

10.03 

+   7 

.786. . 

44 

aH 

9.89 

-   7 

. 630 . . 

25 

aB 

9.76 

-14 

6H 

9-97 

+  I 

bB 

9.89 

—    I 

•  799 •  • 

57 

aH 

9-97 

-  8 

.633.. 

28 

aB 

9.89 

+  3 

. 801 .  . 

59 

aH 

9.96 

—  10 

bB 

9-94 

+  8 

143.631.  . 

115 

aS 

10 -33 

—   2 

.638.. 

33 

aB 

9.87 

+   I 

hS 

10.29 

-  6 

bB 

9.90 

+  4 

. 649 .  . 

133 

aS 

10.17 

-25 

. 642 . . 

37 

aB 

9  93 

+  4 

hS 

10.27 

-15 

bB 

9.89 

0 

I53-677-- 

351 

aS 

10.69 

+  5 

. 646 . . 

41 

aB 

9.85 

-   8 

hS 

10.57 

-   7 

bB 

9-97 

+  4 

.683.. 

357 

aH 

IO-75 

+  15 

.656.. 

51 

aB 

9-97 

-   5 

iH 

10.74 

+  14 

bB 

10.05 

+  3 

. 70s .  . 

2 

aS 

10 -45 

+  20 

.667. . 

62 

aB 

10.00 

-   8 

6S 

10.  24 

—   I 

bB 

10.12 

+  4 

.712.  . 

9 

hB. 

10.16 

+   2 

. 69s . . 

90 

aB 

10.  21 

-  3 

■713-  • 

10 

hB. 

10.07 

-  5 

bB 

10.18 

-   6 

.716.. 

13 

bS 

10.06 

—  2 

473.682. . 

373 

aSh 

10.20 

-16 

.717. . 

14 

bS 

9.92 

-14 

bSh 

10.17 

-19 

.721. . 

18 

bB. 

9.82 

-18 

475 •673- ■ 

100 

aB 

10.08 

—  20 

■725-  • 

22 

bB 

9.71 

-23 

bB 

1-0.24 

-  4 

.727.  . 

24 

hS 

9-79 

—  12 

.711.. 

138 

aB 

10.18 

-25 

.729. . 

26 

bS 

9.67 

—  21 

bB 

10.32 

—  II 

•  733  •  ■ 

30 

aB 

9.84 

—  I 

. 740 .  . 

167 

aB 

10.22 

-30 

■735-  ■ 

32 

aB 

9.86 

+  I 

bB 

10.39 

-13 

169.639.  . 

89 

aB. 

10. 10 

-14 

477.761.  . 

302 

aB 

10.69 

—   I 

bB 

10.04 

—  20 

bB 

10.46 

-24 

.656.. 

106 

aB. 

10.23 

-   7 

.785.. 

326 

aB 

10.86 

+  16 

bB 

10.18 

—  12 

bB 

10.49 

—  21 

170.659.  . 

354 

bB 

10.69 

+  6 

.842. . 

6 

aB 

10.17 

—    I 

. 699 .  . 

17 

bB 

10.13 

+  11 

bB 

10.34 

+  16 

.719.  . 

37 

bB 

10.02 

+  13 

.849.. 

13 

aSh 

10.  24 

+  16 

176.612.  . 

271 

aB 

10.88 

+  20 

bSh. 

10.18 

+  10 

bB 

11.00 

+32 

.854.. 

18 

aB 

10.06 

+  6 

■633.. 

292 

aB 

10 -73 

+  3 

bB 

10.17 

+  17 

bB 

10.91 

+  21 

.867.  . 

31 

aSh 

9.71 

-14 

•653- • 

312 

aB 

10 -73 

+  3 

.869.  . 

33 

aSh 

9.82 

-   4 

bB 

10.80 

+10 

.872.. 

36 

aH 

9-73 

-15 

.675.. 

334 

aB 

10.82 

+  12 

bB 

9.67 

—  21 

bB 

11.05 

+35 

479.704.  . 

359 

aB 

10.69 

+  11 

. 702 .  . 

361 

aB 

10.88 

+33 

bB 

10.74 

+  16 

bB 

10.85 

+30 

. 709 .  . 

364 

aB 

10.57 

+  6 

.716... 

375 

aB 

10.76 

+44 

bB 

10.54 

+  3 

bB 

10.89 

+57 

•  733  •  • 

II 

aB 

10.22 

t" 

178.612. . 

7 

aB 

10. II 

-   6 

bB 

10.15 

+  4 

bB 

10.18 

+  I 

•739-  • 

17 

aB 

9-95 

-   7 

.615.. 

10 

aB 

10.  20 

+  8 

bB 

9-91 

—  II 

bB 

10. 10 

—   2 

.760.  . 

38 

aB 

9.87 

-  3 

.618. . 

13 

aB 

10.08 

0 

bB 

9-95 

+  S 

bB 

10.22 

+  14 

.765.. 

43 

aB 

9.78 

-17 

A 
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J.D. 

Phase 

Star, 
Obs. 

Vis.  Mag. 

0-C 

J.D. 

Phase 

Star, 
Obs. 

Vis.  Mag. 

0-C 

479 ■765-  ■ 

43 

bR 

9.84 

-II 

504.658. . 

33 

aH 

9.86 

0 

788.  . 

66 

aB. 

10.05 

-  6 

bB 

985 

—    I 

bU 

9.91 

—  20 

.674. . 

49 

aB 

9.99 

—    I 

501 

609.  . 

2 

aH 

10.40 

+  15 

bB 

9.96 

-  4 

bU 

10.  29 

+  4 

.681. . 

56 

aB 

10.01 

—   4 

614.  . 

7 

aU 

10.28 

+  11 

bB 

9-93 

—  12 

bB. 

10.26 

+  9 

. 698 . . 

73 

aB 

10.20 

rf  5 

620.  . 

13 

aH 

10.04 

-   4  j 

bB 

10. 12 

-   3 

bB. 

10.16 

+  8 

.704. . 

79 

aB 

10.19 

+   I 

627.  . 

20 

aB 

10.09 

+  12 

bB 

10.13 

+   5 

bB 

10.02 

+  5 

837    627.. 

190 

aSh. 

10.52 

~   5 

635  •• 

28 

aB 

9.92 

+  6 

bSh 

10.69 

+  12 

bB 

9.89 

+  3 

.637. . 

200 

bSh. 

10.60 

+   I 

640.  . 

3S 

aH 

9.91 

+  5 

. 643  .  . 

206 

aSh. 

10.60 

0 

bB 

983 

-   3 

bSh 

10.  76 

+  16 

646.. 

39 

aB 

9.91 

0  1 

.678. . 

241 

bSh 

10.66 

+   I 

bB 

9-75 

-16 

.683.. 

246 

bSh 

10.61 

"~   5 

6S3-- 

46 

aB 

10.00 

+   2 

. 691 . . 

254 

bSh 

10.66 

0 

bB 

9-95 

~   3 

.721. . 

284 

bSh 

10.58 

—  II 

675.- 

68 

aB 

10.09 

-  3 

.736. . 

299 

bSh 

10.67 

-  3 

bB 

10.  II 

—   I 

840 . 642 . . 

186 

bSh. 

10.31 

-25 

680.. 

73 

aB 

10. 12 

-   3 

.716.. 

260 

aSh 

IO-59 

-   8 

bB 

10.09 

-   6 

bSh 

10.74 

+  7 

707.. 

100 

aB 

10.14 

-14 

863.721.  . 

250 

aSh 

10 -53 

-13 

bB 

10.16 

—  12 

bSh 

10.58 

-   8 

714.  . 

107 

aB 

10.32 

+   I 

865.621.  . 

263 

bSh 

10.76 

+  9 

bB 

10.  21 

—  10 

.624.  . 

266 

bSh 

10.67 

—    I 

737- • 

130 

aB 

10.56 

+  15 

.678.  . 

320 

bSh 

10.55 

-15 

bB 

10.38 

-   3 

.719.  . 

361 

bSh 

10.27 

-28 

742.  . 

135 

aB 

10.49 

+   7 

.724.  . 

366 

aSh 

10.35 

—  12 

bB 

10 -45 

+  3 

bSh 

10.  24 

-23 

502 

643-  ■ 

281 

aB 

10.55 

-14 

.728.. 

370 

bSh. 

10.27 

-14 

bB 

10.58 

—  II 

•  735 •  • 

0 

bSh 

10.18 

—  II 

649.  . 

287 

aB 

10.60 

—  10 

.741.  . 

6 

bSh 

10.07 

—  II 

bB 

10.60 

—  10 

•  744 •  • 

9 

bSh 

10.06 

-   8 

504 

612.  . 

364 

aB 

10.77 

+  26 

•747-  ■ 

12 

bSh 

10.02 

—   7 

bB 

10.78 

+  27 

•753-  ■ 

18 

bSh 

9.84 

-16 

617.. 

369 

aB 

10.62 

+  19 

.756.. 

21 

aSh 

10.23 

+  27 

bB 

10.73 

+30 

.760.  . 

25 

aSh 

10.06 

+  16 

623.  . 

375 

aB 

10 -45 

+  13 

bSh 

9.91 

+  I 

bB 

10.50 

+  18 

.767.. 

32 

bSh 

10.03 

+  18 

628.. 

3 

aB 

10.31 

+   7 

.770.  . 

35 

aSh 

10.05 

+  18 

bB 

10.28 

+  4 

•  775  •  ■ 

40 

aSh 

10. 12 

+  20 

633-  • 

8 

aB 

10.  27 

+  12 

bSh 

10. 14 

+  22 

bB 

10. 12 

-   3 

.786.  . 

51 

bSh 

10.04 

+   2 

638.. 

13 

aB 

^ 10. ig 

+  11 

871.754.  . 

359 

aSh 

10.54 

-   4 

• 

bB 

^ 10.13 

+  5 

•759-  • 

364 

aSh 

10.32 

-19 

643-  ■ 

18 

aB 

10.01 

+   I 

bSh. 

10.28 

-23 

bB 

9-99 

~   ^   1 

.766.  . 

371 

aSh. 

10.26 

-13 

648.  . 

23 

aB 

983 

—  10  j 

•773-  • 

I 

aSh 

10.01 

-26 

bB 

10.02 

+  9  ! 

.778.. 

6 

flSh 

10.06 

—  12 

653.. 

28 

aB 

9.89 

+  3  1 

.784.. 

12 

flSh 

10.02 

-   7 

bB 

9  87 

+  M 

.789.. 

17 

aSh 

10.13 

+  11 
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TABLE  I— Continued 


J.D. 

Phase 

Star, 
Obs. 

Vis.  Mag. 

0-C             J.D. 

Phase 

Star, 
Obs. 

Vis.  Mag. 

0-C 

876.652.. 

353 

aSh 

10.52 

-II        879 

705- 

10 

aSh 

10.09 

-   3 

.656.. 

357 

flSh 

IO-59 

—    I 

708. 

13 

aSh 

10.09 

+   I 

6Sh 

10.46 

-14 

718. 

23 

aSh 

9.98 

+  5 

879.635.. 

317 

aSh 

10.50 

—  20 

720. 

25 

aSh 

9.92 

+   2 

6Sh 

10.61 

-  9 

732. 

37 

aSh 

10.12 

+  23 

.662.. 

344 

aSh 

10.76 

+  9 

7.S6. 

41 

flSh 

10. 10 

+  17 

. 694 .  . 

376 

aSh 

10.23 

-   7 

745- 

50 

aSh 

10.15 

+  14 

.697.. 

2 

aSh 

10.22 

-  3 

6Sh 

10.01 

0 

An  important  question  concerning  cluster-type  variables  is  that 
of  a  change  in  color  parallehng  their  fluctuations  in  light.  Their 
many  analogies  v^^ith  the  Cepheids,  v^hich  v^ere  knov^n  to  vary  in 
color,  had  suggested  such  a  possibility,  although  the  cluster  variables 
were  not  then  classed  v^ith  the  Cepheids  as  they  nov^^  usually  are. 
The  photometric  methods  developed  for  use  with  the  60-inch 
reflector  afforded  a  ready  means  of  measuring  color;  and  photo- 
graphic and  photo-visual  observations  of  RS  Bootis  on  three 
successive  nights  in  July,  19 14,  gave  the  data  in  Table  XI,  and 
established  beyond  question  a  variation  in  color  similar  to  that 
previously  detected  in  the  case  of  the  longer-period  Cepheids. 

These  two  series  of  measures,  made  with  different  instruments 
■  by  wholly  different  methods  and  separated  by  an  interval  of  several 
years,  are  discussed  in  the  present  paper  for  the  purpose  of  revising 
the  light-elements  and  determining  mean  light-  and  color-curves. 
The  pubHcation  of  the  results  has  been  long  delayed,  partly  through 
occupation  with  other  work,  but  more  particularly  by  a  series  of 
mischances  in  securing  the  polar-comparison  plates  necessary  for 
the  determination  of  the  zero-points,  so  that  it  was  not  until 
recently  that  the  magnitudes  could  finally  be  reduced  to  the  inter- 
national system.^ 

THE   VISUAL   OBSERVATIONS 

Most  of  the  visual  observations  listed  in  Table  I  v?ere  made 
with  an  equalizing  wedge  photometer  attached  to  the  y^-inch 
equatorial  of  the  Laws  Observatory;    those  for  J.D.  2417762-88, 

'  Results  of  a.  preliminary  reduction  were  given  in  Publications  of  the  Astronomical 
Society  of  the  Pacific,  26,  202,  1914. 
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however,  were  obtained  with  a  Zollner  photometer  and  a  4|-inch 
equatorial.  An  account  of  the  methods  of  observation  and  reduc- 
tion will  be  found  in  Laws  Observatory  Bulletins,  i,  94, 187, 1905, 1907. 

The  decimals  of  the  Julian  Day  in  the  first  column  of  the  table 
are  expressed  in  Greenwich  mean  time.  The  unit  for  the  phase 
in  the  second  column  is  o  .001  day.  The  letters  in  the  third  column 
indicate  the  comparison  star  (a  =  B.D.  +3 2° 2481,  mag.  9.2; 
6  =  B.D.  +32^2483,  mag.  9.4)  and  the  observer  (S  =  Scares,  H  = 
Haynes,  Sh  =  Shapley).  The  \dsual  magnitude  has  been  referred 
to  the  international  zero-point  by  methods  described  below;  the 
residuals  in  the  last  column  (unit  =  0.01  mag.)  are  referred  to  the 
mean  visual  light-curve  given  in  Table  V. 

The  measures  with  the  wedge  photometer  were  usually  arranged 
so  that  a  single  group  of  settings  gave  values  for  the  difference  in 
brightness  of  the  variable  and  each  of  the  comparison  stars  a  and  h, 
and,  at  the  same  time,  the  magnitude  difference  of  the  comparison 
stars  themselves.  The  first  step  in  the  reduction  was  the  reference 
of  the  comparisons  made  with  star  a  to  star  h,  in  order  that  all  the 
observations  might  be  expressed  as  differences  of  the  form  v  —  b. 
This  required  a  knowledge  of  the  difference  a  —  b. 

TABLE  II 
Values  of  a—b  by  Haynes 


J.D. 


7660 
7667 

7675 
7679 
7697 
7742 
7762 
7763 
7787 
7788 
7994 
8037 
8057 
811S 
8117 


Mean 


-o.  72 
■65 
6S 
51 
79 
78 
59 
78 
34 
59 
61 
61 
S2, 
71 
61 


Av.  Dev.    No.  \'alues 


23 

21 

±10 


J.D 

8118.. 
8120. . 
8131.. 
8132.. 
8139. • 
8169.. 
8176.. 
8178.. 
8475- • 
8477- ■ 
8479.. 
8501.. 
8502.. 
8504. . 


Mean 

Av.  Dev. 

-0.71 

.61 

.62 

.70 

^   7 

.61 

4 

.70 

2 

-55 

6 

•59 

5 

•49 

2 

.72 

16 

.65 

4 

.69 

7 

.60 

I 

-0.66 

±   6 

4 

10 

2 

6 

13 

3 

5 

7 

14 

2 

14 


The  most  extensive  series  of  values  for  a  —  b  is  by  Haynes.     His 
results  for  each  night  are  collected  in  Table  II,  which  gives  the 
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Julian  Day,  the  mean  for  the  night,  the  average  deviation  of  a 
single  observation  from  this  mean,  and  the  number  of  values. 
The  accidental  error  of  measures  with  the  Zollner  photometer 
(J.D.  7762-88)  is  large;  otherwise  the  agreement  is  satisfactory, 
and  there  is  no  evidence  of  variability  in  the  comparison  stars. 
The  mean  for  the  series  is  a  — b=  —0.64  mag.  (108  obsns.).  Simi- 
lar, but  less  extensive,  series  by  Scares  and  Shapley  give  —0.64 
(22  obsns.)  and  —0.55  (13  obsns.),  respectively.  The  adopted 
value  is  a  —  b=  —0.64  mag.  (143  obsns.). 

After  adding  a  —  b  to  the  values  of  v  —  a,  the  entire  series  of 
results  for  v  —  b  was  plotted  with  the^G.M.T.  of  observation  as 
abscissa.  With  the  aid  of  an  approximate  light-curve  drawn  on 
tracing  paper,  a  number  of  epochs  were  determined  for  which  the 
variable,  during  increasing  light,  was  equal  to  star  b.  The  results 
and  their  estimated  relative  weights  are  in  the  second  and  third 
columns  of  Table  III.     With  two  similar  epochs  derived  from  the 


TABLE  III 

Epochs  for  v  =  b;  Revision  of  Period 


J.D.  Epoch  v  =  h 

Wt. 

Red.  to  Sun 

0-C. 

7742.783 

I 

—  2 

—   I 

7762.796 

I 

—  I 

+14 

7787.690 

I 

+  1 

+  6 

7794-853 

I 

-3 

+  10 

8115.588 

I 

—  I 

0 

8117.857 

s 

—  I 

+  5 

8118.604 

s 

—  I 

-  3 

8131.816 

4 

0 

+   4 

8132.574 

I 

0 

+   7 

8139.736 

6 

0 

0 

8153.703 

S 

+  1 

+  6 

8170.690 

I 

+  2 

+  14 

8178.610 

4 

+3 

+  11 

8477.841 

4 

—  2 

+  12 

8479.724 

5 

—  I 

+  10 

8501 .611 

5 

0 

+  12 

8504.630 

6    ■ 

0 

+  13 

8871.762 

2 

0 

0 

8879.693 

2 

+  1 

+  8 

0331.683 

•      5 

0 

+  19 

0332.812 

6 

0 

+  16 

Cal.  Epoch 


0-C, 


935- 

869. 

-  320. 

o. 

+   6. 

8. 

43. 

45- 

64. 

lOI  . 

146. 

167. 

960. 

965- 
1023. 
1031. 
2004. 
2025. 

5873. 
+  5876. 


7742 
7762 
7787 
7994 
8115 
8117 
8118 
8131 
8132 
8139 
8153 
8170 
8178 

8477 
8479 
8501 
8504 
8871 
8879 
0331 
0332 


786 

785 
689 
846 
593 
857 
612 
818 

573 
742 
704 
684 
,608 

835 
.721 
.607 
.625 
.772 
.696 
.682 
.814 


-  5 
+  10 

+  2 


+ 


+  I 
-  6 


+  I 


Heliocentric  Time  =  Geocentric  Time  — o'?oo4i6  cos  (©— 201°). 
The  unit  for  the  reduction  to  the  sun  and  for  O  — C  is  o.ooi  day. 


Mount  Wilson  photo- visual  observations  on  J.D.  2420331-2,  these 
are  the  data  used  for  the  revision  of  the  elements  of  variation. 
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For  the  derivation  of  final  elements  the  following  provisional 
values  were  used 

w,=6  =  J.D.  2418115. 587+0. 377333  E  (2) 

The  epoch  is  that  of  elements  (i)  corrected  by  —0.039  day,  which 
is  an  estimate  for  the  interval  separating  5:'  =  max.  from  t'  =  b.  The 
period  is  a  value  by  Pracka^  based  on  an  interval  of  1185  periods. 
The  representation  by  elements  (2)  is  shown  by  the  differences 
O  — Ci  in  Table  III.  Discussed  in  the  usual  manner  by  least 
squares,  these  residuals  give  the  corrections  and  probable  errors, 

E  —  Eo= +0.005 7 ±0.00085  days 

P  —  Po  =  +0 .  00000206  ±  o .  0000003  5  days, 

whence 

Ei,=6=J.D.  2418115.593,  G.M.T. ) 
P  =  o. 37733506  days  ) 

The  very  small  uncertainty  in  the  period,  =1=0^03.  is  to  be  attrib- 
uted to  the  long  interval  of  seven  years,  or  nearly  seven  thousand 
complete  c}'cles  of  variation,  covered  by  the  observations.  The 
residuals  0  — C2  corresponding  to  the  revised  constants  are  all 
small.  The  epoch  numbers  show  that  the  rather  conspicuous 
grouping  of  signs  can  scarcely  be  accepted  as  evidence  of  irregu- 
larity in  the  period.  The  residuals  for  Pracka's  epochs^  (E  =  —  1 185 
and  —1 143),  neither  of  which  was  used  in  revising  the  elements, 
are  +0.002  and  +0.084  days,  respectively. 

The  mean  \dsual  light-curve  has  been  derived  from  the  491 
observations  made  wath  the  wedge  photometer,  those  with  the 
Zollner  instrument  being  omitted  because  of  large  accidental  error 
(see  Table  II).  The  values  of  v  —  b  were  arranged  in  the  order  of 
heliocentric  phase  and  di\'ided  into  29  groups  of  17  each  (16  observa- 
tions in  the  first  and  last  groups),  whose  means  are  in  the  first  two 
columns  of  Table  IV.  The  resulting  light-curve,  reduced  to  the 
international  zero-point,  is  in  Table  V.  The  normal  points  and 
the  curve  are  illustrated  in  the  upper  part  of  Fig.  i. 

'  Bulletin  international  de  V Academic  des  sciences  dc  Boheme,  15,  1910. 
^  Loc.  cit. 
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Table  IV  also  gives  the  deviation  of  the  normals  from  the  curve 
and  the  probable  error  of  a  single  observation  based  upon  the 

TABLE  IV 

Normal  Points  for  Mean  Visual  Light-Curve 


P.E. 

P.E. 

Phase 

Mean  v  —  b 

Dev. 

One 
Obsn. 

Rel.  Wt. 

Phase 

Mean  v—b 

Dev. 

One 
Obsn. 

Rel.  Wt. 

0.003. . 

.      —0.12 

+4 

^   9 

12 

0.136. . 

.      +0.06 

+.=5 

±   8 

IS 

.008.. 

.  20 

+3 

10 

II 

. 160. . 

.24 

-6 

8 

IS 

.012. . 

.21 

—  2 

7 

21 

.188.. 

•25 

0 

12 

7 

.015.. 

■31 

+4 

II 

8 

.214.. 

•30 

—  I 

12 

7 

.019. . 

•34 

+  1 

9 

12 

.232. . 

.26 

+6 

II 

8 

.024. . 

.46 

+5 

8 

16 

.251.. 

•37 

-3 

12 

7 

.028.. 

•40 

-6 

14 

5 

.266.. 

•39 

-3 

12 

7 

■03S- 

•47 

+  1 

7 

23 

.286.. 

•  42 

-4 

14 

S 

•037- • 

.46 

+3 

9 

14 

. 306 . . 

•32 

+6 

8 

14 

•044- • 

•31 

"~5 

12 

6 

■m-- 

•43 

-5 

9 

13 

.056. . 

•30 

+3 

8 

16 

■353^^ 

■27 

+4 

10 

II 

.068.. 

.  22 

+  2 

9 

13 

.361. . 

.27 

-4 

10 

9 

.083.. 

.  12 

+  1 

8 

IS 

.368.. 

.11 

+  1 

II 

8 

.104. . 

■     -    -07 

+5 

8 

16 

0374-^ 

.     +0.07 

-5 

±14 

S 

0.120. . 

.     -fo.io 

-5 

±12 

7 

TABLE  V 
Mean  Visual  Light-Curve  and  Color-Curve 


Phase 


).000 

.005 

.010 

•015 

.020 

.025 

.026 
.027 

.028 

.029 

.030 

•031 
.032 

■  033 
•034 
■03s 

.040 

■  045 
.050 

>055 


Vis.  Mag. 


10.  29 
10.  20 


10.04 


C.I. 


+0 
+ 


Phase 


0.055. 
.060. 
.065. 
.070. 

•  07S^ 
.080. 
.090. 
.  100. 
.  no. 
.120. 

.130. 

.  140. 
..ISO. 
.  160. 
.170. 
.180. 
i'90. 
.  200. 
.  210. 
o. 220. 


Vis.  Mag. 


10.04 
10.07 
10. 10 
10.13 
10. 16 
10. 19 
10.  24 
10.  28 
10.32 

10.37 
10.41 

10.44 
10.47 
10.50 

10.53 
10.55 
10.57 
10.59 
10.61 
10.62 


C.I. 


+ 


+0 


Phase 


.230 
.  240 
.250 
.  260 
.  270 
.280 
.  290 
.300 
.310 
.320 
•330 
•340 
•350 
■2,SS 
.360 

•36s 

•  370 

•37S 

0.380 


Vis.  Mag. 


10.62 
10.64 
10.65 
10.66 
10.67 
10.68 
10.69 
10.  70 
10.  70 
10.  70 
10.  70 
10.  70 
10.69 
10.65 
10.62 

10.57 
10.49 
10.41 
10.32 
10.  24 


C.I. 


+0 


+0 


Phases  are  counted  from  instant  when  f  =  6— 0.03  mag.  To  refer  them  to  the  instant  of  maximum 
brightness,  subtract  0.031  from  the  tabular  values.  To  obtain  the  ordinates  of  the  mean  photographic 
light -curve,  add  the  color-index  to  the  corresponding  visual  magnitude. 
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individual  deviations  (last  column,  Table  I).  The  error  varies 
considerably  from  point  to  point,  which  accounts  for  the  differ- 
ences in  the  weights  given  in  the  last  column  of  Table  IV. 

The  reference  to  the  international  zero-point  is  based  upon 
6  =  10.32  mag.,  a  value  found  by  comparing  the  mean  curve 
defined  by  Table   IV  with  the  photo-\asual  observations   after 


o4o 

o< 

ii 

0^ 

'2 

0^3 

0 

'4 

0^5 

-0.6 

xy 

K\ 

0 .4 

/V 

J 

■ 

\ 

. 

/ 

\ 

J. 

s 

f 

\ 

J 

\, 

N 

1 

H 

\^ 

I 

N 

k» 

+0,2 

*^ 

'-v. 

J 

X, 

•^ 

.^    • 

/ 

•^ 

+0.4 

•    y 

• 

0 

3 

l\ 

r\^ 

J  ^ 

/     "      \     c 

f"  \ 

+0.2 

/    1  ^ 

0 

I 

" 

\" 

0 

< 

^0 

/ 

V° 

0 

+0.4 

^>« 

Q.^, 

• 

•\ 

/ 

"^ 

• 

•  •  "^^ 

■*V--« 

^^ 

X 

J 

•     •• 

+0.6 

X 

' 

Fig.  I. — Mean  visual  light-curve  of  RS  Bootis  (above)  and  curve  showing  the 
variation  of  color  (below) .  The  ordinates  of  the  lower  curve  are  color-indices.  The 
circles,  crosses,  and  dots  represent  results  obtained  on  different  nights.  The  zero 
ordinate  of  the  light-curve  corresponds  to  visual  magnitude  10.29. 


reduction  to  the  international  system  by  means  of  polar  compari- 
sons. The  photo-visual  observations  themselves  (residuals  in 
last  column,  Table  XI)  are  well  represented  by  the  mean  visual 
curve. 

The  phases  had  been  referred,  as  accurately  as  possible,  to  the 
instant  for  which  v  =  b.  The  Hght-curve  shows  that,  in  the  mean, 
v  =  b  for  phase  —0.002;  further,  that  the  maximum  visual  bright- 
ness, 9.85  mag.,  occurs  for  phase  0.031.     The  subtraction  of  this 
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quantity  will  therefore  refer  the  tabulated  phases  to  the  epoch  of 
maximum;   finally,  from  (3)  we  obtain  the  adopted  elements 

Max.  =  J.D.  2418115.624+0-137733506  E,  G.M.T.  (4) 

THE   PHOTOGRAPHIC   AND   PHOTO-VISUAL    OBSERVATIONS 

The  photographic  and  photo-visual  observations  collected  in 
Table  XI  were  obtained  by  the  methods  commonly  used  with  the 
60-inch  reflector.^  The  plates  were  Seed  27's  and  Cramer  Instan- 
taneous Isos,  respectively,  the  latter  exposed  behind  a  yellow  filter. 
Relative  magnitudes  referred  to  arbitrary  zero-points  were  deter- 
mined for  the  comparison  stars  by  means  of  images  registered  on 
the  same  plate  with  diaphragms  of  different  aperture.  The  results 
were  subsequently  reduced  to  the  international  zero-point  by  com- 
parisons with  the  North  Polar  Standards.^ 

The  photographs  of  the  variable  were  as  follows: 

1914,  July  16.    Plates  1613-1641 

Photographic  (odd-numbered  plates):  five  i™  exposures;  apertures  32, 
32,  32,  14,  9  inches;  32  and  14  used  to  establish  scale. 

Photo-visual  (even-numbered  plates):  three  2"^  exposures;  apertures  9, 
14,  32  inches;  images  with  9  and  14  invisible  or  too  faint  for  measurement; 
32-aperture  images  reduced  with  relative  magnitudes  of  comparison  stars  in 
Table  VII. 

1914,  July  17.     Plates  1648-1677 

Photographic  (even-numbered  plates):   same  as  July  16. 
Photo-visual  (odd-numbered  plates):    three  2™  exposures;    apertures  60, 
40,  32  inches;  60  and  40  used  to  establish  scale. 

1914,  July  18.    Plates  1684-1709 

Photographic  (even-numbered  plates):  six  i™  exposures;  apertures  32, 
32,  32,  14,  14,  14  inches,  with  order  reversed  on  alternate  plates;  reduced  with 
relative  magnitudes  of  comparison  stars  in  Table  \TI. 

Photo-visual  (odd-numbered  plates):  four  2""  exposures;  apertures  60, 
40,  40,  60;  used  to  establish  scale. 

To  illustrate  the  method  used  for  such  data,  the  reduction  for 
plate  No.  1648  is  given  in  Table  VL     The  first  six  columns  contain 

•  Scares,  Ml.  Wilson  Contr.,  No.  80;   Aslrophysical  Journal,  39,  307,  iQi4- 

*  Scares,  Mt.  Wilson  Contr.,  No.  97;  Aslrophysical  Journal,  41,  206,  1915. 
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star  number  and  its  distance  from  the  optical  axis  of  the  instru- 
ment, the  aperture,  the  scale  reading  (mean  of  two  measurements), 
the  distance  correction,  and  the  corrected  reading  j.  The  seventh 
column  contains  A5,  the  difference  in  5  for  the  apertures  used  to 
establish  the  scale  (14  and  32,  corresponding  to  a  magnitude 
difference  of  i.oi).^  By  a  process  illustrated  in  Fig.  2,  we  lind 
the  relation  between  scale  reading  and  magnitude  necessar}'  for  the 
determination  of  the  relative  magnitudes. 

TABLE  VI 
Reduction  of  Photographic  Plate  No.  1648 


Star 

Dist. 

Ap. 

Mean  s 

DC. 

Corr.  J 

A5 

14-32 

Mag. 

Mean 
Mag. 

Zero- 
Point 

Final 
Mag. 

Resid. 

I 

3-2 

32 
32 
32 
14 
9 

10. 0 
10. 0 
10. 0 
II. 8 
14.2 

—  0.1 
—0.1 
—0.1 
—0.1 
+0.1 

9-9 

9-9 

9-9 

II. 7 

143 

1.8 

1-35 
1-35 
1-35 
1-37 
1.60 

1.40 

8.36 

9.71 

+0.05 

2 

3-4 

32 

II. 6 

0.0 

II. 6 

2.1 

2.30 

2.31 

8.29 

10.62     —0.02 

32 

II. 4 

—  0.1 

"•3 

215 

32 

II. 6 

0.0 

II. 6 

2.30 

14 

13-6 

0.0 

136 

2.27 

9 

16.8 

—  0.1 

16.7 

2-53 

3 

2.6 

32 
32 
32 
14 
9 

12.4 
12.8 
12.7 

14-7 
18.0 

0.0 
—0.1 

—  0.1 
+0.2 

—  0.1 

12.4 
12.7 
12.6 
14.9 
17.9 

2-3 

2.71 
2.86 
2.82 
2.82 
2.96 

2.83 

8.27 

II.  14 

—  0.04 

5 

3.6 

32 
32 

iS-O 
14.6 

+0.3 
+0.2 

153 
14.8 

2.7 

3-97 
3-79 

3.8s 

8.. 33 

12.16 

+0.02 

32 

14.6 

+0.2 

14.8 

3-79 

14 

17.8 

—  0.1 

17.7 

3-86 

4.0 

9 

32 

tf 

12.7 

2.82 

2.80 

Mean 

8.31 

II. II 

Var... 

—  0.1 

12.6 

Z2 

12.4 

0.0 

12.4 

2.71 

32 

12.4 

0.0 

12.4 

2.71 

14 

14.8 

+0.3 

151 

2.89 

9 

17-7 

—  0.1 

17.6 

2.87 

We  first  plot  the  value  of  ^s  for  each  star  against  the  mean  5 
for  the  three  32-aperture  images — the  largest  aperture  used.  This 
gives  the  lower  curve  in  Fig.  2,  whose  significance  is  as  follows: 
Let  5  and  A5  represent  the  abscissa  and  ordinate  of  any  point  on 

'  Scares,  Mt.  Wilson  Conlr.,  Xo.  80,  p.  11;   Astrophysical  Journal,  39,  317,  1914. 
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the  curve,  and  m  the  magnitude  corresponding  to  the  scale  reading 
s;  5'  =  5+A5  will  then  be  the  reading  for  magnitude  w'  =  w+Aw, 
where  Aw  =  i.oi,  the  reduction  constant  of  the  14-aperture  as 
compared  witTi  that  of  32  inches.  All  readings  refer  to  the  32- 
aperture. 

Scale  Reading 
8  10  12  14  16  18 
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\ 

i 

\! 

\ 

— 

^ 

=^ ' 

U-*-— 

.— •-""^^ 

\^ 

_^^ 

— -— ^  "^^ 

\ 

X.     \ 

*<ri 

■\    j 

\  j 

\^ 

1 

\! 

1 

\ 

'^1 

^ 

Fig.  2. — The  ordinates  of  the  lower  curve  are  values  of  A5,  indicated  in  scale 
intervals  on  the  right.  This  curve  is  used  to  construct  the  upper  curve,  which  shows 
the  relation  between  scale  reading  and  magnitudes  for  Plate  1648. 


With  the  aid  of  this  curve  we  next  construct  the  scale  reading 
and  magnitude  curve  in  the  upper  part  of  Fig.  2.  Since  for  the 
present  the  zero-point  is  arbitrary,  we  assume  w  =  o  for  .y  =  8  and 
thus  begin  the  accompan5dng  tabulation.  From  the  A5  curve,  for  ab- 
scissa 8  we  fuid  the  ordinate  i .  40,  and  derive  m'  =  o .  00+ 1 .  01  =  i .  01 
as  the  magnitude  for  scale  reading  5' =  8. 00+1.40  =  9. 40.  In- 
serting these  numbers  in  the  second  Hne  of  the  table,  the  process 
is  repeated  with  m'  and  s'  as  a  new  m  and  s.  Thus,  for  abscissa 
9.40,  we  have  the  ordinate  1.65,  which  gives  11.05  ^.s  the  scale 
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reading  for  m'  =  2.02.  A  plot  of  the  corresponding  values  of  5 
and  m  thus  found  gives  the  required  curve.  The  operations  can 
be  even  more  quickly  accomplished  with  a  pair  of  dividers  and  a 
ruler,  by  a  process  sufficiently  obvious  from  the  figure/ 


m 

J 

A5 

0.00 

8.00 

1 .40 

I  .01 

9.40 

1.65 

2.02 

11.05 

2.00 

3  03 

13  05 

2.38 

4.04 

1543 

2.78 

;.o; 

18.21 

From  this  curve  we  now  read  the  magnitudes  entered  in  the 
eighth  column  of  Table  \1,  care  being  taken  in  the  case  of  exposures 
with  the  14-  and  9-apertures  to  subtract  the  relative  reduction 
constant — i  .01  or  i  .97 — in  order  that  all  the  results  may  refer  to 
the  3  2 -aperture. 

Each  photographic  plate  for  July  16  and  17  and  each  photo- 
visual  plate  for  July  17  and  18  gave  a  series  of  relative  magnitudes 
similar  to  that  in  the  ninth  column  of  Table  VL  The  results  for 
the  comparison  stars  were  reduced  to  a  common,  though  still 
arbitrary,  zero-point  and  combined  into  the  means  which  appear 
in  Table  VII.     The  internal  agreement  is  illustrated  by  Table  VIII, 


TABLE  VII 

COMPARISOX   StAKS — RELATIVE  MAGNITUDES 


B.D.  No. 

a  1855 

S1855 

Photographic  Mag. 

Photo-visuai.  Mag. 

< 

t/3 

July  16 

July  17 

Mean 

July  17 

July  18 

Mean 

I..   . 
2..  . 

+32°2485 

i4''26'°  8!  9 
26      7.7 
26    17.3 
26   15.2 
26   51.6 

+32°i6.'8 
16.7 
22.1 

251 
27.6 

0.30 
1.06 
1.58 
2.7s 
2.64 

0.24 

I.  ID 

1-59 
2.81 
2.63 

0.27 
1.08 

1-59 

2.77 
2.64 

0.47 
1.23 
1.87 
2. II 

2.97 

0.50 
1. 19 
1.89 
2.10 
303 

0.48 

3"- 

4... 

32  2487 
32  2486 

1.88 
2.10 
3.00 

which  shows  the  deviations  of  the  individual  plates  for  July  16 
from  the  weighted  means   in   the  seventh  and  last  columns  of 

'  A  numerical  process,  equivalent  to  the  graphical  methods  given  here,  is  described 
in  Mt.  Wilson  Contr.,  No.  80,  p.  24;  Astrophysical  Journal,  39,  330,  1914. 
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Table  VII.  Except  for  very  faint  stars,  the  average  residual 
ranges  from  0.04  to  0.06  mag.  The  systematic  deviations  are 
naturally  one-half  the  differences  between  the  mean  results  for 
the  separate  nights  given  in  Table  VII. 


TABLE  VIII 
Comparison  Star  Residuals  for  July  17,  1914 


Photographic 

Plate 

Photo-visual 

I 

2 

3 

4 

5 

I 

2          3 

4 

s 

1648 

1650 

1652 

1654 

1656 

1658 

1660 

1662 

1664 

1666 

1668 

1670 

1672 

1674 

1676 

+   7 

-  3 

+  6 

0 

+  I 
+  I 

+  ? 
+  4 
+  4 
+13 
+  7 
+  2 
+  9 
+  3 

-  3 

+   2 
+  I 

-  3 
+  3 

—  2 

-  8 

-  3 

—  10 

0 

-  6 

—  2 

—  2 

+  7 

—  t; 

-4 

+5 
-5 
+  2 
-4 
+4 
0 

+4 
0 

-9 
-5 
-5 

+5 
-4 

4-7 

-13 
-13 

-  4 

-  7 
+  4 

+  10' 

—  I 

—  4 

—  2 

+    I 
+    2 

—  I 
+  9 

—  3 

—  3 
+  5 

0 

—  I 

—  7 

—  II 

1649 

1651 

1653 

1655 

1657 

1659 

1661 

1663 

1665 

1667 

1669 

1671 

1673 

1675 

1677 

+  3 

—  2 

—  10 
-19 

+  2 
+  3 
+  12 
0 
+  6 
+  14 

—  2 

—  4 

—  I 
+  8 

4-TT 

—  I 
+  2 

—  I 
0 

+  2 
+  2 

tl 

—  2 
4-8 

0 
-5 
-9 
-7 
-7 

-  3 

-  7 
+  8 

-  I 

-  4 

-  7 

-  5 
+  5 
+   2 

-  9 
+  4 
+  4 
+  15 
+  3 
+  4 

+  4 
+  5 
+  3 

-|-20 

-  I 
+    I 

-  9 
0 

-  6 
-14 

-  2 
+  6 

-  5 

-  5 

-  6 

+  I 
0 

-1-28 

+30 

+  5 
+  9 

—  II 

+  7 

-17 

+  2 

—  21 

Syst.  diff. 
Av.  dev.  . 

+  4 
=*=   4 

—    2      —I 

±   4      ±4 

-   4 
±    8 

—   I 
=^   4 

Syst.  difif. 
Av.  dev.  . 

+     I 

±   6 

—  I 
^4 

+   I 
*   5 

—   I 
±   6 

+  3 
±12 

REDUCTION   TO   INTERNATIONAL   ZERO-POINT 

The  reduction  to  the  international  zero-point  depends  on  four 
pairs  of  comparisons  with  the  Polar  Standards,  made  on  August  25 
and  26,  1917.  The  results  for  the  comparison  stars  in  the  second 
and  third  columns  of  Table  IX  are  based  directly  on  the  scale  and 
zero-point  of  the  Standards  themselves.  By  comparison  with  the 
mean  relative  magnitudes  in  Table  VII,  we  find  for  the  latter  the 
zero-point  corrections  in  the  fifth  and  sLxth  columns  of  Table  IX. 
Adding  the  mean  correction  to  the  relative  magnitudes,  we  have, 
finally,  a  second  series  of  rnagnitudes,  given  in  the  last  three  columns 
of  the  table.  These  refer  to  the  international  zero-point,  but 
depend  upon  the  scales  established  for  the  individual  plates.  We 
thus  have  for  the  comparison  stars  two  series  of  results,  quite  inde- 
pendently derived.     Table  X  exhibits  the  agreement  and  gives  the 
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adopted  magnitudes,  which  are  the  means,  with  equal  weight,  of 
the  two  determinations. 

Incidentally,  attention  may  be  directed  to  the  color-indices  of 
the  comparison  stars.  The  values  in  Table  IX  found  by  comparing 
photographic  and  photo-visual  magnitudes  agree  well  with  each 
other  and  with  those  in  the  last  column  of  Table  X  derived  by  the 
exposure-ratio  method  (three  plates),^  which  affords  a  valuable 
control. 

TABLE  IX 
Magnitudes  of  Comparison  Stars 


Star 

From  N.P.  Comp. 

1 
Zero-Point                       From  Rel.  Mags. 

Pg. 

Pv.               C.I.               Pg. 

Pv.                  Pg. 

Pv. 

C.I. 

I 

2 

3 

4 

5 

9-73 
10.62 
II.  10 
12.23 
12  22 

9.18           0.55 
10.01            0.61 
10.63          0-47 
10.89     ;      1-34 

946 
9-54 
9-51 
9.46 
9.58 

8.70     1     9.78 
8.80        10.59 
8.75        II. 10 
8.79        12.28 
12.15 

9.24 

9-97 
10.64 
10.86 
11.76 

0.54 
0.62 
0.46 
1.42 
0.39 

Means 

951 

8.76 

TABLE  X 
Internal  Agreement  and  Adopted  Magnitudes 


Star 

N.P.  CoMP.  minus 

Rel.  Mag. 

Adopted  Mag.  and 

Color 

CI.  from 

Pg. 

Pv. 

C.I. 

Pg. 

Pv. 

C.I. 

Exp.  Rat. 

I 

-5 

+3 

0 

-5 

+  7 

-6 

+4 

—  I 

+3 

1      +1 

'      —I 

+  1 
-8 

9.76 
10.60 
II .  10 
12.26 
12.18 

9.21 

9  99 
10.64 
10.88 
II .  76 

0.55 
0.61 
0.46 
1.38 
0.42 

0.56 
0.66 

2 

2 

0.30 
1.28 

4 

c 

0.37 

1 

FINAL   MAGXITLT)ES — THE    COLOR-CURVE 

We  are  now  in  a  position  to  finish  the  reductions  in  Table  VI, 
Subtracting  the  magnitudes  of  the  comparison  stars  in  the  ninth 
column  from  their  adopted  values  in  Table  X,  we  find  the  mean 

'  Scares,  ML  Wilson  Communication,  Xo.  33;  Proceedings  of  Ike  Xalional  Academy 
of  Sciences,  2,  521,  1916.  For  a  test  of  the  colors  of  the  North  Polar  Standards,  see 
Mt.  Wilson  Communication,  X^o.  38;  Proceedings  of  the  National  Academy  of  Sciences,  3, 
29,  1917. 
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zero-point  correction  for  the  plate,  namely,  8.31  mag.,  and,  finally, 
the  magnitudes  and  residuals  in  the  last  two  columns  of  Table  VI. 
The  main  result,  however,  is  the  magnitude  of  the  variable,  11 .  11, 
which  has  been  transferred  to  Table  XI,  where  it  appears  with 
similar  results  from  the  other  plates. 

The  magnitudes  in  Table  XI — both  photographic  and  photo- 
visual — have  been  compared  with  the  mean  visual  light-curve  in 
Table  V.  The  photo-visual  residuals  in  the  last  column  of  Table  XI 
(unit  =  0.01  mag.)  are  appreciably  smaller  than  the  visual  residuals 
(see  last  column,  Table  I,  and  probable  errors  in  Table  IV);  as 
already  stated,  they  show  that  the  photo-visual  observations  are 
very  satisfactorily  represented  by  the  adopted  visual  curve. 

The  comparison  of  the  photographic  measures  with  this  curve 
gives  the  color-indices  of  the  variable  in  the  eighth  column  of 
Table  XL  These  are  plotted  in  the  lower  part  of  Fig.  i  and  show 
at  a  glance  the  change  in  color  paralleling  the  variation  in  light. 
The  ordinates  of  the  mean  color-curve  are  in  Table  V  alongside  the 
visual  light-curve.  The  deviations  of  the  color-indices  from  the 
mean  color-curve  are  appropriately  entered  in  Table  XI  under 
the  heading  "Photographic  0  — C,"  for  they  are  numerically  equal 
to  the  deviations  of  the  observed  photographic  magnitudes  from 
the  mean  photographic  light-curve  obtained  by  adding  the  two 
series  of  ordinates  in  Table  V.  These  residuals  are  even  smaller 
than  those  in  the  last  column  of  the  table,  owing,  probably,  to  the 
larger  number  of  exposures  made  on  the  plates  from  which  photo- 
graphic magnitudes  have  been  determined. 

The  maximum  and  minimum  brightness  are:  photographic, 
9.70  and  1 1. 21;  visual,  9.85  and  10.70.  The  amplitudes,  1.51 
and  0.85,  respectively,  are  in  the  ratio  of  i  .78  to  i. 

SYSTEMATIC   DEVIATIONS   FROM   MEAN   LIGHT-CURVE 

The  systematic  deviations  of  the  photographic  and  photo- 
visual  results  from  the  mean  curves  are  negligibly  small — in  no 
case  exceeding  0.03  mag.  per  night.  The  variation  on  the  three 
nights  involved  seems  therefore  to  have  been  quite  normal. 

The  residuals  of  the  much  longer  series  of  observations  in 
Table    I,    on    the    other    hand,   present    numerous    instances   of 
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TABLE  XI 
Photographic  and  Photo-visuai,  Observations 


Pg.  xsa  Pv. 
Plate  Xos. 


G.M.  Date 


Pg.  Pv. 


Phase 


Pg.     I     Pv. 


Photographic 


Mag.        0-C 


CI. 


PHOTO-\^SUAL 


Mag.        0-C 


1684-1685 . 
1686-1687 
1688-1689 
1690-1691 
169 2-1 693. 
I 694-1 695. 
1696-1697. 
169S-1699. 
1 700-1 701 
1 702-1 703. 
1 704-1 705. 
1 706-1 707 . 
I 708-1 709. 


1914,  July  16.    J.D.  2420330 

I6I3-I6I4. . . 

■i     670 

679 

120 

129 

10.77 

1  , 

—  12      +0 

40 

10.41 

0 

I6I5-I6I6.  .  . 

. 

683 

690 

133 

140 

10.88 

-14 

46 

10.61 

-17 

I6I7-I6I8.  .  . 

697  i 

704 

147 

154 

10.79 

+    2 

33 

IO-55 

~    7 

I6I9-I620. .  . 

708  ! 

716 

158 

166 

10.94 

-   7 

45 

10.40 

+  12 

I62I-I622.  .  . 

. 

720 

727 

170 

177 

10.98 

-  6 

45 

10.47: 

+   7 

I623-I624.  .  . 

•  I 

731 

738 

181 

188 

10.92 

+  3 

37 

10.64 

7 

I625-I626.  .  . 

•1 

746 

754 

196 

204 

II. 01 

—   I 

43 

10.70 

—  10 

I627-I628. . . 

1 

758 

766 

208 

216 

11.03 

+  I 

42 

10.59 

+  3 

I629-I630. .  . 

. 

770  ; 

778 

220 

228 

II. II 

-  5 

49 

10.70 

-  6 

I63I-I632. . . 

. 

782  1 

792 

232 

242 

11.03 

+  6 

39 

10.65 

0 

1633-1634. . . 

796 

804 

246 

254 

II. 15 

-  3 

49 

10.71 

-  5 

I635-I636. . . 

808 

815 

258 

265 

II. II 

+  2 

44 

10.74 

-   7 

I637-I638... 

820 

828 

270 

278 

10.99 

+16 

31 

(10.30) 

(+39) 

1 639-1 640.  .  . 

832 

842 

282 

292 

11.04 

+13 

35 

in  VIS. 

I64I 

846    . 

296 

II  .12 

+  7    +0 

42 

1914,  July  17.    J.D.  2420331 

I 648-1 649. . 

.     .670  ' 

676 

365 

371 

II. II 

—  12 

+0 

.62 

10.48 

-  9 

1650-1651 . . 

682 

688 

0 

6 

IO-57 

+   2 

+ 

.28 

10.14 

+  4 

1652-1653. . 

695    , 

700 

13 

18 

10.08 

+  7 

.00 

9.96 

+  4 

1654-1655. . 

706 

712 

24 

30 

9.67 

+  13 

— 

•  24 

9.71 

+  14 

1656-1657. . 

. 

716 

723 

34 

41 

9.88 

-14 

+ 

.02 

9  93 

0 

1658-1659. . 

729 

735 

47 

53 

9.90 

+  4 

— 

.09 

9.96 

+  7 

1660-1661 .  . 

742 

747 

60 

65 

10.09 

+   I 

+ 

.02 

10.01 

+  9 

1662-1663 .  . 

. 

753 

758 

71 

76 

10.25 

-  3 

.11 

9.90 

+  27 

1664-1665 .  . 

J 

764 

770 

82 

88 

10.36 

-  3 

.16 

10.25 

—   2 

1666-1667.  . 

.  ! 

776 

782 

94 

100 

10.35 

+  10 

.09 

10.27 

+   I 

1668-1669 .  . 

789 

796 

107 

114 

10.56 

—   2 

•25 

10.37 

-   3 

1670-1671 .  . 

802 

807 

120 

125 

10.61 

+  4 

.24 

10.40 

—    I 

1672-1673.  . 

812 

818 

130 

136 

10.67 

+  5 

.26 

10.31 

+  12 

1674-1675.  . 

824 

830 

142 

148 

10.58 

+  21 

•13 

10.54 

-  8 

1676-1677.  . 

.  1 

836 

841 

154 

159 

10.83 

+  2 

+0 

■35 

10.58 

-  8 

1914,  July  i8.    J.D.  2420332 


;i 

J 

i 

670 
684 
697 
710 
725 
737 
751 
766 
778 
793 
806 
820 
834 

678 
690 

703 
718 

731 
744 

757 
772 

784 
800 
812 
827 
841 

233 
247 
260 

273 
288 
300 
314 
329 
341 
356 
369 

.     6 
20 

241 

253 
266 
281 
294 
307 
320 

335 
347 
363 
375 
13 
27 

II .  19 

II  .  12 
II  .09 
II  .16 
11.08 
11.22 
11.22 
II  .  21 
II. 13 
II. 13 
10.90 
10.41 

9  95 


—  10    +0 

55 

10.71 

0 

46 

10.63 

+  4 

42 

10.70 

—   I 

48 

10.62 

+  11 

38 

10.65 

-  3 

52 

10.79 

—   2 

52 

10.76 

0 

51 

10.89 

+  8 

44 

10.80 

—   I 

52 

10.52 

—   I 

47 

10.33 

-  5    4- 

23 

9.92 

-7-0 

02 

9.72 

-  6 

+  3 

-  2 

+  7 
+  5 

-  9 

-  6 
-19 
-14 

o 

-  I 
+16 
+15 


234         FREDERICK  H.  SEARES  AND  HARLOW  SHAPLEY 


0 


systematic  divergence;  for  example,  those  for  J.D.  7660,  7667,  which 
are  prevailingly  positive,  and  for  J.D.  7994,  8118,  8120,  8122, 
813 1,  which  are  negative.  These  can  scarcely  be  attributed  to 
variability  in  the  comparison  stars,  nor  is  it  likely  that  they  are 
the  result  of  systematic  errors  of  observation.  The  residuals  are 
larger  than  the  errors  normally  associated  with  observations  made 
with  the  wedge  photometer.  Moreover,  many  of  the  measures, 
those  for  J.D.  7660,  7667,  7994,  among  others,  were  referred  simul- 
taneously to  two  comparison  stars,  one  equal  to  or  a  little  brighter, 
the  other  appreciably  fainter  than  the  variable,  with  results  sensibly 
the  same  in  both  cases.  Another  peculiarity  is  found  in  the  fact 
that  divergences  of  a  given  sign  tend  to  persist  for  some  time ;  thus 
during  the  interval  J.D.  7660-6716  they  were  positive,  while  for 
J.D.  8118-8131  they  were  negative.  The  explanation  is  probably 
to  be  found  in  abnormal  fluctuations  in  the  light  of  the  variable, 
a  phenomenon  now  apparently  well  established  for  several  of  the 
cluster-t>pe  variables.^ 

COMPARISON   WITH    SPECTROSCOPIC   RESULTS 

The  large  change  in  color — more  than  o .  6  mag.  in  the  index — 
led  naturally  to  an  inquiry  into  the  spectroscopic  behavior  of 
RS  Bootis.  Mr.  Pease  kindly  placed  the  star  on  his  program,  and 
quickly  found  a  change  in  spectral  t}pe^  occurring  simultaneously 
with  the  fluctuations  in  light  and  color  which  very  nearly  equals 
that  to  be  inferred  from  the  well-known  relation  between  color- 
index  and  spectrum. 

A  detailed  comparison  of  Pease's  spectra  with  the  color-curve 
of  RS  Bootis  is  given  in  Table  XII.  The  date,  G.M.T.  of  the 
middle  of  exposure,  and  the  spectrum  are  from  his  data.  The 
color-indices  in  the  fourth  column  were  interpolated  from  the  curve 
in  Table  V,  with  phases  counted  from  instants  for  which  v  =  b. 
Those  in  the  sixth  column  were  derived  from  the  spectra  by  the 
formula  C.I.  =  0.45,  in  which  for  Bo,  Ac,  Fo,  etc.,  S  has  the 

'  Shapley  and  Shaplej',  Mi.  Wilson  Coiitr.,  No.  104;  Aslrophysical  Journal,  42, 
159,  160,  1915;  Shaple}-,  Mt.  Wilson  Conlr.,  No.  112;  Aslrophysical  Journal,  43,  217, 
1916;  also  various  references  cited  in  the  latter  of  these  investigations. 

^  Publications  of  the  Astronomical  Society  of  the  Pacific,  26,  257,  1914. 
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nTimerical  values  —  i.  o.  +1,  etc/  The  differences  in  the  two  series 
of  results— the  color-excess- — are  in  the  last  column  of  the  table. 
Ten  of  the  thirteen  values  are  less  than  a  tenth  of  a  magnitude. 
The  amphtude  of  the  color-variation  derived  from  spectra  is  some- 
what smaller  than  that  indicated  by  the  color-curve;  but  the 
spectra  near  minimum  are  few  in  number  and  less  accordant  than 
the  others,  so  that  conclusive  results  are  not  to  be  expected. 
Notwithstanding  the  slight  excess  of  negative  signs,  the  mean 
color-excess  is  sensiblv  zero. 


TABLE  XII 
Comparison  of  CoLOR-CrR\-E  wtith  Spectr.a. 
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The  negligible  character  of  the  color-excess  was  found  from  a 
preliminary  reduction,  based  upon  approximate  zero-point  deter- 
minations made  in  19 14.  and  was  then  a  result  of  special  interest 
as  one  of  the  earhest  indications  that  the  coefficient  of  space- 
absorption  must  be  extremely  small.  Hertzspnmg^  and  RusselP 
had  found  the  Cepheids,  as  a  class,  to  be  ver>-  bright,  and.  in  general, 
stars  with  early  t^-pe  spectra  were  known  to  be  highly  luminous 

'  Seares,  Mt.  Wilson  Communication,  Xo.  16;  Proceedings  of  the  Xalional  Academy 
of  Sciences,  i,  481,  191 5. 

^  Ibid. 

iZeiischrift  fur  wissensclmftliche  Pholographie,  5,  107,  1907;  Astronomische 
Nachrichten,  196,  201,  1913. 

*  Science,  X.S.,  37,  652,  1913. 
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and  to  show  only  a  small  dispersion  in  their  absolute  magnitudes. 
Since  the  median  apparent  brightness  of  RS  Bootis  is  only  10.3, 
this  meant  that  its  distance  must  be  relatively  great.'  The  color, 
however,  is  only  that  normally  associated  with  similar  spectra  in 
the  case  of  much  less  distant  stars,  thus  lea\dng  no  appreciable 
excess  to  be  accounted  for  by  scattering  of  the  star's  hght  in  its 
passage  to  the  earth.^  This  conclusion  disregarded  the  influence  of 
the  star's  absolute  magnitude  on  its  color ;  but  the  indications  were 
that  for  stars  of  early-t\pe  spectra  this  must  be  very  small,  and, 
moreover,  that  for  a  highly  luminous  object  like  RS  Bootis  any 
effect  of  absolute  magnitude  would  probably  increase  the  color- 
excess  and  thus  make  the  estimated  upper  limit  for  the  absorption 
coefficient  too  large.^ 

Subsequent  observations  by  Shapley^  have  revealed  variations 
similar  to  those  of  RS  Bootis  in  the  spectra  of  other  objects,  includ- 
ing several  of  the '  longer-period  variables  which  by  themselves 
were  formerly  supposed  to  constitute  the  Cepheid  class,  as  well  as 
a  number  of  the  short-period  cluster-t>pe  variables  now  also  com- 
monly classed  with  the  Cepheids.  The  spectrograms  by  Pease 
and  Shapley,  however,  were  of  low  dispersion.  For  those  of  Pease 
H7  to  K  was  2j  mm  and  their  classification  could  be  based  only 
on  the  hydrogen  lines  and  to  some  extent  on  the  K  line  of  calcium. 
Thus  the  presence  of  types  B8  and  B9  in  Table  XII  is  not  to  be 
interpreted  as  meaning  that  the  helium  lines  characteristic  of  these 
types  were  actually  observed  in  the  spectra.  The  classifications 
by  Shapley  are  also  based  mainly  on  the  lines  of  hydrogen,  although 
calcium  lines  and  the  G  band  were  used  to  some  extent  for  t>pes 
F  and  G.     Still  later  observations  by  Adams  and  Joy,^  with  higher 

'A  recent  determination  by  Shapley  gives  absolute  magnitude  M  =  — 0.3, 
parallax  t =0*00076.     Mt.  Wilson  Contr.,  No.  153;   Astrophysical  Journal,  48,  1918. 

'  The  same  principle  and  others  analogous  to  it  have  recently  been  applied  by 
Shapley  to  the  enormously  distant  globular  clusters,  with  the  result  that  the  coefficient 
of  absorption  must  be  far  below  the  upper  limit  fixed  by  this  early  inference. 

,    ^  See  siunmary  of  results  by  Adams  and  by  van  Rhijn  given  by  Kapteyn  in 
Mt.  Wilson  Contr.,  No.  83;   Astrophysical  Journal,  40,  187,  1914. 

^  Mt.  Wilson  Contr.,  No.  124;  Astrophysical  Journal,  44,  273,  1916,  and  elsewhere. 

^  Mt.  Wilson  Communication,  No.  53;  Proceedings  of  the  National  Academy  of 
Sciences,  4,  130,  1918. 
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dispersion,  confirm  the  foregoing  results,  so  far  as  changes  in  the 
hydrogen  lines  are  concerned,  for  a  number  of  stars  with  periods 
greater  than  a  day,  but  show  little  or  no  corresponding  change  in 
the  less  conspicuous  features  of  the  spectra,  which  are  also  char- 
acteristic of  the  various  spectral  classes. 

Presumably  this  peculiar  behavior  occurs  also  in  the  case  of  the 
cluster-t}^e  variables.  But,  in  spite  of  the  many  similarities  con- 
necting the  two  subclasses  of  Cepheids,  the  singularities  in  their 
periods  and  distribution,  and  possibly  also  in  their  motions,' 
suggest  some  reservation  of  judgment  in  the  case  of  stars  such  as 
RS  Bootis  which  thus  far  have  not  been  observed  with  the  disper- 
sion necessary  for  a  detailed  study  of  their  spectral  characteristics. 
For  the  present,  the  significanf  result  is  the  suggestion  that  the 
color  of  the  Cepheid  variables  is  more  closely  correlated  with 
the  behavior  of  their  hydrogen  lines  than  with  other  spectral 
phenomena,  even  though  the  latter  may  be  important  criteria  for 
classification. 

For  several  of  the  longer-period  Cepheids  the  question  thus 
raised  can  be  put  to  a  direct  test.  Adams  and  Joy  have  given 
spectral  classifications  corresponding  to  maximum  and  minimmm 
light,  based  bo.th  on  the  ^hydrogen  lines  and  on  the  "general  spec- 
trum"; and  from  various  sources  we  can  derive  values  of  the 
color-variation  for  comparison  with  the  spectral  changes.  Supple- 
mentary evidence  indicating  the  intimate  connection  of  color  and 
spectral  t>'pe  as  derived  from  the  hydrogen  lines  is  also  available 
for  various  stars  whose  general  spectrum,  in  the  sense  used  by 
Adams  and  Joy,  has  not  yet  been  observed. 

The  data  are  in  Table  XIII.  The  results  by  Adams  and 
Joy  for  the  third,  fourth,  and  fifth  stars  are  from  Mt.  Wilson 

'  The  frequencj'-curve  of  the  periods  shows  two  maxima,  one  for  twelve  hours 
and  one  for  seven  days,  corresponding  to  the  two  subclasses  of  Cepheids.  The  longer- 
period  stars  are  closely  confined  to  the  plane  of  the  Galaxy,  while  the  cluster-type 
variables  are  widely  scattered  throughout  space.  So  far  as  known,  the  proper  motions 
and  radial  velocities  of  the  long-period  Cepheids  are  small  or  moderate;  of  the  short- 
period  Cepheids,  relatively  large.  Two  recent  spectrograms  of  RS  Bootis  by  Adams 
give  F=— 52km  per  sec.  See  Hertzsprung,  Astronomische  Xachrichten,  179,  376, 
1909;  192,  262,  1912;  196,  205,  1913;  and  Shapley,  Mt.  Wilson  Conlr.,  No.  153; 
Astrophysical  Journal,  48,  December,  1918. 
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Communication,  No.  53  ;^  those  for  r]  Aquilae  and  8  Cephei  are  from 
spectrograms  specially  selected  by  Adams  on  account  of  their  close 
agreement  with  the  instants  of  maximum  and  minimum  brightness, 
while  those  for  XZ  Cygni  are  unpublished  results  from  two  low- 
dispersion  spectra,  one  at  minimum,  the  other  near  but  not  actually 
coinciding  with  the  maximum.  The  limiting  spectral  t^^es  by 
Shapley  are  from  the  curves  given  in  Mt.  Wilson  Contribution, 
No.  124.^  The  changes  in  color  given  in  the  last  three  columns, 
corresponding  to  the  observed  spectral  variations,  were  obtained 
as  usual  from  the  relation  C.I.  =0.4  5. 

TABLE  XIII 
Changes  in  Color  and  Spectrum  for  Various  Cepheids 
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*  Kohlschiitter,  Pg.;  Luizet,  Vis.    Astronomische  Nachrichten,  183,  26s,  1910. 

t  Wirtz,  Pg.  Astronomische  Nachrichten,  154,  327,  1901;  Stebbins,  Vis.,  Astrophysical  Journal,  27, 
188,  1908. 

X  Wirtz,  Pg.  Loc.  cit.;  Vis.  is  the  value  from  .\rgelander's  observations  as  given  by  Wirtz.  The  only 
Cepheid  of  normal  amplitude  thus  far  observed  whose  hydrogen  lines  do  not  indicate  an  appreciable 
change  of  type. 

§  Kiess,  Laws  Observatory  Bulletin,  2,  99,  1915. 

II  Parkhurst,  Pg.,  Astrophysical  Journal,  28,  279,  1908;  Miiller  and  Kempf,  Vis.,  Astronomische 
Nachrichten,  173,  307,  1907. 

If  Pg.  data  by  Wilkins;  Vis.,  by  various  observers,  collected  by  Wilkins,  Astronomische  Nachrichten, 
172,  316,  1906.  The  comparison  for  U  Vulpeculae  is  unreliable;  the  star  is  probably  subject  to  large 
fluctuations  (cf.  Laws  Observatory  Bulletins,  i,  150, 1907);  moreover,  the  spectra  are  difficult  and  not  well 
distributed  over  the  curve. 

**  Photometric  data  by  Martha  Betz  Shapley,  Mt.  Wilson  Contr.,  No.  128;  Astrophysical  Journal, 
45,  182,  1917.  The  spectrum  Ao  corresponds  to  an  instant  following  the  maximum  by  0.03  day.  Since 
the  period  is  only  0.47  day,  the  change  in  color  derived  from  the  spectrum  is  probably  too  small. 

For  the  general  spectrum  there  is  little  change  in  passing  from 
maximum   to   minimum   and   the   inferred    color-changes  in  the 

•  Proceedings  of  the  National  Academy  of  Sciences,  4,  130,  1918. 
^  Astrophysical  Journal,  44,  273,  1916. 
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eighth  column  are  very  small,  whereas  those  derived  from  the 
hydrogen  lines  (ninth  and  tenth  columns)  are  sensibly  equal  to 
the  color-variation  found  from  the  photometric  data  (fourth 
column).  Disregarding  values  in  parentheses  because  of  the 
pecuHarities  and  uncertainties  mentioned  in  the  notes,  the  mean 
results  are: 

High-dispersion,  four  stars,  Adams  and  Joy: 

Color-change  from  general  spectrimi -t-0.06  mag. 

Color-change  from  hydrogen  lines +0.29 

Low-dispersion,  same  stars,  Shapley: 

Color-change  from  hydrogen  lines -I-0.38  mag. 

Observed  change  in  color-index +0-35 

For  the  seven  stars  observed  by  Shapley  which  have  trustworthy 
results  the  means  are 

Color-change  from  hydrogen  Unes ' .   -I-0.38  mag. 

Color-change  from  color-index -I-0.38 

The  intimate  connection  between  color  and  spectral  t\^e  as 
derived  from  the  hydrogen  lines  is  shown  clearly  enough  by  these 
results;  in  fact,  the  closeness  of  the  agreement  for  individual  stars 
is  rather  surprising  in  view  of  the  heterogeneous  character  of  the 
photometric  data  and  the  uncertainties  of  classification,  especially 
for  low-dispersion  spectrograms.  On  the  other  hand,  it  is  equally 
clear  that  there  is  little  or  no  correlation  between  the  color  of 
Cepheids  and  numerous  other  features  of  their  spectra,  which,  for 
the  stars  in  general,  commonly  follow  the  hydrogen  lines  in  their 
changes  throughout  the  normal  succession  of  spectral  t\pes. 

SU]MMARY 

Two  independent  series  of  observations  on  the  cluster-t^-pe 
variable  RS  Bocitis — one  visual,  the  other  photographic  and  photo- 
visual — made  with  different  instruments  and  separated  by  an  inter- 
val of  several  years,  have  been  discussed  for  the  revision  of  the 
elements  and  the  determination  of  mean  Kght-  and  color-curves. 
There  is  some  evidence  of  irregular  fluctuations  in  the  light,  but  no 
certain  indication  of  a  variation  in  the  period,  the  adopted  value  for 
which  is  based  on  nearly  7000  cycles  of  variation. 
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The  photo-visual  observations  are  well  satisfied  by  the  mean 
curve  based  on  the  visual  observations.  The  amplitude  of  the 
photographic  variation  is  1.78  times  that  of  the  visual.  The 
color-index  varies  continuously  from  —0.15  mag.  at  maximum  to 
+0.52  mag.  at  minimum. 

The  change  in  color  agrees  closely  with  that  to  be  inferred  from 
spectrograms  by  Pease.  Bearing  in  mind  certain  anomalies  in  the 
spectroscopic  behavior  of  other  Cepheids,  this  result  indicates  that 
the  color  of  these  variables  is  more  closely  correlated  with  the  char- 
acteristics of  their  hydrogen  lines  than  it  is  with  less  conspicuous 
phenomena  of  the  general  spectrum  also  used  for  spectral  classi- 
fication. An  examination  of  all  the  data  available  confirms  this 
conclusion  for  a  number  of  Cepheids. 

Mount  Wilson  Solar  Observatory 
July  1918 


ARC  AND  SPARK  SPECTR.\  AXD  THE  PERIODIC 

SYSTEM 

By  IXGO  W.  D.  HACKH 

The  purpose  of  this  paper  is  twofold:  first,  to  give  a  precise 
statement  of  the  present  status  of  the  periodic  system,  and,  second, 
to  point  to  some  very  striking  regularities  in  the  arc  and  spark 
spectra  of  the  elements.  The  necessity  of  a  clear-cut  statement 
of  the  modern  form  of  the  periodic  system  is  evident  from  a  con- 
sideration of  the  rapid  development  of  chemistry  and  increase  of  our 
knowledge  which  has  made  the  classical  table  of  Mendeleeff"  obso- 
lete. The  second  reason  is  perhaps  more  important,  as  it  forms 
additional  evidence  for  some  modern  theories  concerning  the  struc- 
ture of  the  atom.  The  regularities  in  the  total  number  of  lines  and 
their  intensity,  connected  with  the  electro-potential  and  polar  num- 
bers, are  remarkable,  and  the  following  figures  and  tables  are  the 
result  of  an  extensive  survey  of  the  arc  and  spark  spectra,  which 
perhaps  may  lead  to  a  clearer  understanding  of  subatomic  phenom- 
ena. It  is  needless  to  say  that  the  present  work,  so  far  as  it  con- 
cerns the  spectra,  has  been  very  selective,  that  is.  for  obvious 
reasons  very  few  publications  from  the  very  large  amount  of  litera- 
ture on  the  subject  have  been  made  the  basis  for  this  paper. 

Beginning  with  the  periodic  system  we  may  assume  that  under 
the  present  cosmical  conditions  of  our  earth  92  elements   (with' 
iso types)  are  able  to  exist,  and  of  these  92  elements  only  5  remain 
still  to  be  discovered,  namely,  the  elements  with  atomic  numbers 
43,  6t,  75,  85,  and  87. 

With  these  five  unknown  elements  the  periodic  system  is  com- 
plete, for  the  limits  are  determined  on  the  one  hand  by  the  radio- 
active substances,  that  is,  those  elements  in  which  the  structure 
has  become  so  large  and  the  number  of  electrons  so  great  that  it 
is  more  or  less  unstable  under  present  cosmical  conditions  and 
causes  atomic  disintegration,  forming  smaller  atoms.  On  the 
other  hand  we  have  the  lightest  elements,  hydrogen  and  helium, 
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and  although  there  are  some  indications  of  elements  lighter  than 
helium,  it  does  not  matter,  for  the  first  period  of  the  present  system 
begins  with  helium,  and  any  new  elements  lighter  may  form  with 
hydrogen  a  separate  period  (e.g.,  the  hypothetical  coronium, 
nebulium,  protofluorine,  etc.). 

Having  defined  the  limits  to  be  H-i  arjd  He- 2,  respectively,  and 
U-92,  the  next  task  will  be  a  suitable  graphical  representation  of 


TABLE  I 

The  Periods  and  Subperiods 

Periods  are  determined  by  the  noble  gases   (inert  elements),  the  sub- 
periods  by  the  elements  of  the  carbon  group 


Period 

Elements 
from    to 

No.  of 
elements 

Subperi  ods 

Terminal  Transition  Terminal                1 

I 

He  -  P 

8 

(He)     la     (C)     lb 

® 

II 

Ne  -  CI 

8 

(m   Ila     rg)  lib     (g 
@  Ilia  @III*^   Illb^) 

III 

Ar  -  Br 

18 

IV 

Kr  -  I 

18 

@ 

@     IVa  @    IV'   Q 
Va     (C^  V"   (Lu)     V    (f 

IVb   @ 
b)     Vb    to 

V 

Xe  -  85 

32 

VI 

Nt  -  0 

7 

(±0° 

IVa     @ 

IVb 

o)  — @ 

electro  motive  force 

)H-  (^-H-(^-+(^ 

classes  of  elements 
NG  =  noble  gases 
CG  =  carbon  group 

J^  Lig.ht  "" "  rare  ^T^  Heavy^ 
1  metals         earths     metals 
NG                CG            CG              C 

r   Non-Y 

metals 
G                NG 

the  system,  which,  when  arranged  according  to  increasing  atomic 
weights,  forms  a  continuous  line,  with  periodic  changes  in  the 
properties  of  its  members.  Mendeleeff  and  Meyer  wrote  the 
series  simply  in  rows,  and  at  that  time  it  was  the  best  representa- 
tion. But  today  we  know  that  the  periods  are  not  of  equal  length 
but  become  longer  with  higher  atomic  weights.  We  may  take  the 
noble  gases  as  terminals  for  each  period  and  have  then  the  periods 
shown  in  Table  I.  In  this  table  a  further  distinction  of  the  periods 
into  subperiods  has  been  made,  necessitated  by  the  properties  of 
the  elements:  thus  the  elements  in  la,  Ila,  Ilia-  IVa,  and  Va  are 
analogous  to  each  other,  also  the  elements  in  III',  IV',  V,  etc. 
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The  different  length  of  the  periods  is  of  fundamental  importance, 
for  by  it  alone  can  we  explain  a  great  number  of  phenomena. 
Assuming,  for  example,  the  noble  gases,  or  inert  elements,  as  having 
an  electromotive  force  of  ±  00  ,  that  is,  having  no  free  electrons 
because  their  electrons  form  a  stable  system  of  eight  (or  multiple 
of  eight),  and  the  electromotive  force  of  the  carbon-group  elements 
as  =1=0,  that  is,  having  four  (or  a  multiple  of  four)  free  electrons, 
we  may  take  the  noble  gases  as  the  terminals  of  the  periods  and 
the  carbon  elements  as  the  transition  points.  In  each  period  we 
proceed  then  from  =i=  00  through  =1=  o  to  =*=  00  .  The  first  two  periods, 
containing  only  eight  elements,  show  therefore  well-marked  and 
characteristic  electro-potentials,  the  curve  falling  from  positive 
(Li  and  Na)  through  zero  (C  and  Si)  to  negative  (F  and  CI).  In 
the  next  two  periods  the  beginning  and  end  are  analogous  to  the 
first  two  periods,  the  curve  falling  from  positive  (K  and  Rb)  to 
zero  (Ti  and  Zr)  at  the  beginning,  and  from  zero  (Ge  and  Sn)  to 
negative  (Br  and  I)  at  the  end.  But  between  the  two  zero-points 
in  each  period  (Ti-Ge  and  Zr-Sn)  there  is  the  subperiod  coming  in, 
the  curve  falling  at  first  from  zero  (Ti  and  Zr)  to  negative  (Cr  and 
Mo)  and  then  rising  to  positive  (Ga  and  In),  when  it  again  falls 
to  zero  (Ge  and  Sn)  and,  as  indicated  above,  to  negative  (Br  and  I), 
and  is  then  connected  with  the  following  period  by  the  noble  gases 
(Kr  and  X) .  In  the  very  long  period  of  3  2  elements  we  have  similar 
curves  of  electromotive  forces,  for  example,  from  positive  Cs  to 
amphoteric  Ce,  then  follow  the  rare  earths,  and  finally  from  nega- 
tive Ta  to  positive  TI  and  through  amphoteric  Pb  to  negative 
Eka-iodine  and  the  inert  Nt. 

Nearly  all  of  the  newer  proposals  for  a  modification  of  the 
periodic  system  try  to  embody  this  fundamental  distinction  of  the 
different  periods,^  and  the  fact  that  the  periods  are  unequal  in 
length  gave  rise  to  the  many  different  graphic  representations  in 
the  form  of  spirals  or  helix.^    All  of  these  are  more  or  less  suitable, 

'  Batschinsky,  Zeitschrift  filr  physikalische  Chemie,  43,  372,  1893;  Werner,  Berichte, 
38,  914,  1905;  Adams,  Journal  of  American  Chemical  Society,  33,  648,  191 1;  Harkins, 
ibid.,  38,  169,  1916;  Hackh,  Weltwissen,  3,  63,  1915;  American  Journal  of  Science,  46, 
481,  1918. 

^Emerson,  American  Chemical  Journal,  45,  411,  1911;  Rayleigh,  Proceedings  of 
Royal  Society,  85,  471,  191 1;  Scheringa,  Chem.  Weekblad,  8,  389,  191 1;  Rydberg, 
Chemical  Abstracts,  9,  540,  1915;  Soddy,  Le  Radium,  11,  6,  1914;  "Chemistry  of  the 
Radioactive  Elements,"  Part  2,  11,  1915;  Loring,  Chemical  News,  iii,  157,  1915. 
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and  their  acceptance  depends  mainly  upon  the  taste  of  the  indi- 
vidual. I  myself  have  modified  the  spiral  of  Emerson  in  the  way 
shown  in  Fig.  i,  differing  somewhat  from  the  spirals  of  Soddy  and 
Harkins.     While  there  is  no  essential  difference  but  only  a  different 


Fig.  I 


appearance  of  the  same  principle.  I  have  selected  this  spiral,  for 
it  makes  possible  the  construction  of  a  table.  The  great  drawback 
of  all  spirals  is  the  difficulty  of  reproducing  them,  and  my  aim  was 
to  embody  in  a  table  the  advantages  of  a  spiral.     Thus  I  have 
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treated  the  upper  part  of  the  spiral  in  relation  to  the  lower  half  as 
an  object  and  its  mirror-image,  and  constructed  Table  II.  In  this 
table  the  Roman  numerals  indicate  the  periods,  while  the  Arabic 

TABLE  II 
The  Periodic  System  of  the  Elemexts 
Atomic  numbers,  symbols,  groups,  periods 


Carbon 
Group 

4 

Phos-   1   Sul- 

phorus  '  phur 

Group   Group 

SA      1    6A 

Halo- 
gen 

Group 
7A 

0 

Alkali 
Group 

lA 

Earth 
Alka- 

Ues 

2A 

Earth'   ^"- 

^^^I^gSup 

3A    1      4 

\b 

IV6 

lUb 

lib 

lb 

82 

Pb 

Sn 

32 
Ge 

14 
Si 

6 
C 

83 
Bi 

51 
Sb 

33 
As 

15 
P 

7 
X 

84 

Po 

52 
Te 

.34 
Se 

16 

S 

8 
0 

85 

53 
I 

35 
Br 

17 
CI 

9 
F 

86 
Nt 

54 
Xe 

36 
Kr 

18 
At 

10 
Xe 

87 

55 
Cs 

37 
Rb 

19 
K 

II 
Xa 

3 
Li 

88 

Ra 

56 
Ba 

38 
Sr 

20 
Ca 

12 
Mg 

4 
Be 

89 
Ac 

57 
La 

39 
Y 

21 
Sc 

13 
Al 

90 
Th 

58 
Ce 

40 
Zr 

22 
Ti 

14 
Si 

VI 

Va 
TVa 
Ilia 

lla 

' 

h' 

2 
He 

si      6l 

B    !     C         la 

III' 
IV' 

22 
Ti 

40 
Zr 

23 
V- 

41 
Cb 

24 
Cr 

42 
Mo 

25 

Mn 
43 

26        27         28 
Fe        Co       Xi 

•44        45        46 
Ru       Rh       Pd 

29 
Cu 

47 
Ag 

30 
Zn 

48 
Cd 

31       32 
Ga      Ge 

49        50 
In       Sn 

lU' 
IV' 

V"      Ce 

59 
Pr 

60 

61  1  62 

|Sa 

63 
El 

64 
1   Gd 

65 
Tb 

66 
Dy 

67 
Ho 

68 
Er 

69  1  70 

Adj  Cp 

71 
Yb 

72 
Lu 

V" 

72 

V  Lu 

90 

VI  Th 

73 
Ta 

91 
Bv 

74 
W 

92 

u 

75 

76 
Os 

77 
Ir 

78 
Pt 

79 
Au 

80 
Hg 

81 
Tl 

82 
Pb 

v 

4 

5B    1    6B 

.7B 

8 

iB 

2B 

3B 

4 

numerals  show  the  respective  groups,  which  are  identical  with  the 
main  and  subgroups  of  ]\Iendeleeff's  table.  The  advantages  of 
the  table  are  manifold.  In  the  first  place  its  compactness  is  remark- 
able, and  by  elimination  of  the  many  empty  spaces  of  the  old 
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table  the  elements  have  come  closer  together.  Also  similar  ele- 
ments are  not  separated  by  the  members  of  the  "subgroups,"  and 
still  the  relationship  of  main  group  A  to  subgroup  B  is  preserved. 
A  new  and  striking  relationship  is  established  in  the  fact  that  the 
similarity  among  the  properties  of  the  elements  in  (a)  the  upper 
half  of  the  table  is  more  pronounced  in  the  vertical  direction,  and 
(b)  the  lower  half  of  the  table  is  more  pronounced  in  the  horizontal 
direction. 

If  we  call  the  relationship  in  the  vertical  direction  "group  rela- 
tion" and  the  relationship  in  the  horizontal  direction  "period  rela- 
tion," it  becomes  apparent  that,  for  example,  the  group  relation 
of  gold  refers  to  its  relation  with  Ag  and  Cu,  while  the  period  relation 
of  gold  refers  to  Hg  and  Pt.  It  furthermore  becomes  apparent 
that  in  the  subperiods  la,  Ila,  Ilia,  lYa,  Ya,  and  lb,  lib,  111b, 
lYb,  Yb,  the  group  relation  is  predominant,  while  in  the  subperiods 
III',  IV',  V,  and  V"  the  period  relation  prevails. 

This  fact  can  be  explained  by  the  constitution  of  the  atom: 
that  is,  the  excess  of  free  electrons  is  either  too  small  or  too  large  to 
form  the  stable  system  of  eight  or  a  multiple  of  eight  in  the  case 
of  group  relationship,  while  in  the  case  of  period  relationship  the 
nuihber  of  free  electrons  is  large  enough  to  form  two  systems  which 
are  in  equilibrium,  an  idea  similar  to  the  one  developed  by  Parson^ 
in  the  case  of  the  "magneton." 

It  will  be  sufficient  to  mention  only  a  few  of  the  general  prop- 
erties of  the  elements  prevailing  in  certain  areas  of  the  table. 

The  elements  in  the  upper  half  of  the  table  have  the  highest 
electro-potential  and  form  mainly  colorless  ions  and  soluble  com- 
pounds; they  possess  mostly  a  single  valence  and  produce  simple 
salts. 

The  elements  in  the  lower  half  of  the  table  have  a  weaker  electro- 
potential  and  form  mainly  colored  ions  and  many  insoluble  com- 
pounds; they  possess  mostly  more  than  one  valence  and  produce 
complex  double  salts. 

On  the  left  side  of  the  table  are  the  electro-negative  elements 
which  form  acids  and  oxysalts. 

'  "A  Magneton  Theory  of  the  Structure  of  the  Atom,"  Smithsonian  Misc.  Coll.,  65, 
No.  II  (Publication  No.  2371),  1915. 
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On  the  right  side  of  the  table  are  the  electro-positive  elements 
which  form  bases  and  sulphides. 

In  the  center  of  the  lower  half  are  the  amphoteric  elements, 
forming  weak  acids  and  weak  bases. 

The  values  for  specific  gravity,  melting-  and  boiling-points, 
conductivity,  compressibility,  etc.,  when  written  in  the  table, 
show  clearly  that  the  periodicity  and  the  relationship  of  these 
constants  is  seen  much  better  than  in  the  old  table,  for  the  reasons 
explained  above. 

Coming  now  to  the  spectra  of  the  elements  my  aim  was  to 
select  from  the  vast  amount  of  literature  such  data  as  would  enable 
a  good  comparison,  that  is,  such  results  as  were  obtained  by  employ- 
ing as  far  as  possible  the  same  method  of  experimentation.  It  is 
of  little  value  to  compare,  for  instance,  the  spectrum  of  an  element 
obtained  by  a  short  photographic  exposure  with  the  spectrum  of  an 
element  obtained  by  a  longer  exposure,  for  in  the  latter  case 
naturally  many  more  lines  will  appear.  The  resohdng  power  of 
the  grating  or  prism,  the  density  of  current  employed,  the  physical 
condition  of  the  substance — all  these  affect  the  appearance  of  the 
spectrum,  as  is  well  known.  Then  after  the  photograph  of  the 
spectrum  has  been  made,  the  personal  equation,  that  is,  the  judg- 
ment of  the  intensity  of  a  line,  is  subject  to  many  variations.  All 
these  factors  must  be  considered,  and  a  comparison  of  the  spectrum 
obtained  by  different  observers  is  therefore  extremely  difficult  and 
of  doubtful  value.  After  a  survey  of  the  extensive  literature  I 
came  to  the  conclusion  that  the  work  of  Exner  and  Haschek,"^ 
covering  a  period  of  several  decades  and  published  in  the  Proceedings 
of  the  Vienna  Academy,  furnishes  a  good  basis  of  comparison.  In 
addition  to  this  I  have  also  consulted  Eder  and  Valenta,^  whose 
beautiful  atlas  is  a  valuable  contribution  to  the  physical  literature. 

The  work  of  Exner  and  Haschek  embraces  77  elements,  of  which 
the  arc  and  spark  spectra  were  photographed.  The  plates  were 
projected  upon  a  screen  on  which  the  measurements  were  made. 
The  range  extends  from  2200  to  700  A  for  the  arc  spectra  and  from 

^  Die  Spektren  dcr  Elemente  bei  normahn  Dnick,  Leipzig  and  Wien,  1911-1912, 
3  vols. 

^  Ailas  typischer  Spektren,  Wien,  191 1. 
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2IOO  to  6800  A  for  the  spark  spectra.  The  same  Rowland  grating 
and  quartz  lens  were  used  throughout  the  investigation,  and  the 
experimental  conditions  were  as  far  as  possible  kept  within  certain 
limits.  For  this  reason  their  work  represents  a  valuable  basis  for 
comparison.  In  the  atlas  of  Eder  and  Valenta  there  are  flame,  arc 
and  spark  spectra,  and  their  work  is  more  of  an  encyclopedic  char- 
acter, for  in  preparing  their  tables  they  used  not  only  their  own 
results  but  also  those  of  other  investigators  to  supplement  their 
own  data. 

The  total  number  of  lines  measured  by  Exner  and  Haschek  is: 

61,580  lines  in  arc  spectra 
60,252  lines  in  spark  spectra 

and  in  Tables  III  and  IV  the  total  number  of  lines  in  the  arc  or 
spark  spectra  for  each  element  is  given,  while  L  of  Fig.  2  shows  the 
periodicity  of  the  total  number  of  lines. 

Omitting  the  two  first  periods,  it  will  be  observed  that  the  curve 
rises  in  subperiod  Ila,  Ilia,  IVa,  Va,  that  the  highest  peak  is 
reached  in  III',  IV',  V,  respectively,  and  drops  very  low  in  1116, 
TVb,  Yb.  In  the  figure  the  noble  gases  are  indicated  by  a  heavy 
line,  thus  starting  and  ending  a  period,  while  the  elements  of  the 
carbon  group  are  indicated  by  a  broken  line,  thus  showing  the 
transition  points. 

Excepting  the  rare  earths  (subperiod  from  58-72)  it  is  evident 
that  the  curve  is  similar  in  the  periods 

Ilia,  III',  Illb 
IVa,  IV',  lYb 

Va,     V,    V& 

and  in  Fig.  3  the  average  curve  for  these  three  periods  has  been  con- 
structed. The  number  of  lines  in  the  arc  spectra  (indicated  by 
unbroken  line  and  circle)  differs  little  from  the  number  of  lines  in 
the  spark  spectra  (indicated  by  broken  line  and  points),  and  this 
difference  may  prove  of  importance  in  a  study  of  the  physical 
difference  of  experimentation  in  relation  to  the  disturbance  of 
electrons  in  the  atom. 
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The  curve  at  the  bottom  of  Fig.  2  is  the  respective  intensity- 
curve  of  the  arc  and  spark  spectra,  that  is,  the  brightest  Hne  is 

TABLE  III 

Number  of  Lixes  in  Arc  Spectra  of  the  Elements 
Lower  section,  the  intensity  of  the  brightest  Une  or  lines  (Exner  and  Haschek) 


Pb 

Bi 

Nt 

Ra 

Th 

46 

48 

SO 

2316 

1000 

500 

100 

10 

Sn 

Sb 

Te 

I 

Xe 

Cs 

Ba 

La 

Ce 

44 

38 

4 

0 

14 

207 

512 

2894 

100 

30 

5 

200 

1000 

20 

10 

Ge 

As 

Se 

Br 

Kr 

Rb 

Sr 

Y 

Zr 

27 

18 

0 

19 

146 

684 

1070 

50 

10 

500 

1000 

50 

15 

Si 

P 

S 

CI 

Ar 

K 

Ca 

Sc 

Ti 

40 

15 

18 

114 

342 

1123 

30 

5 

200 

1000 

50 

20 

C 

N 

0 

F  \                Xe 

Xa 

Mg 

Al 

Si 

I 

25 

52 

28 

40 

3 

1000 

500 

1000 

30 

H 

He 

Li 

13 
1000 

Be 

9 
20 

B 

2 
20 

C 

I 
3 

Ti 

V^ 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

Zn 

Ga 

Ge 

1123 

1642 

1697 

865 

2392 

1830 

976 

368 

35 

14 

27 

20 

30 

50 

100 

100 

30 

50 

1000 

200 

30 

50 

Zr 

Cb 

:mo 

Ru 

Rh 

Pd 

Ag 

Cd 

In 

Sn 

107c 

1770 

3390 

1948 

1002 

268 

27 

38 

28 

44 

15 

50 

50 

50 

100 

200   500 

500 

300 

100 

Ce 

Pr 

Nd 

'  Sm 

Eu 

Gd 

Tb 

Dy 

Ho  i  Er  j 1 

rm' 

Tm" 

Yb 

Lu 

2894 

2490 

2762 

1679 

857 

1687 

2487 

3312 

1482  12321  IC 

307 

10 

30 

20 

20 

100 

20 

20 

30 

30   20 

50 

' 

Lu 

Ta 

W 

Os 

Ir 

Pt 

Au 

Hg 

Tl 

Pb 

1285 

3254 

1340 

806 

461 

35 

78 

22 

46 

15 

20 

30 

13 

50 

15 

500 

500 

1000 

Th 

u 

231^ 

) 

4940 

IC 

) 

10 

charted.     It  will  be  seen  that  the  intensity-curve  is  nearly  recipro- 
cal to  the  curve  of  the  number  of  lines,  that  is,  as  a  general  rule 


250 


INGO  W.  D.  HACKH 


elements  whose  spectrum  contain  few  lines  show  a  high  intensity  of 
these  lines,  while  elements  with  many  Knes  in  their  spectrum  have 

TABLE  IV 

Number  of  Lines  in  Spark  Spectra  of  the  Elements 
Lower  section,  the  intensity  of  brightest  line  or  lines  (Exner  and  Haschek) 


Pb 

84 
SCO 

Sn 

103 

30 

Ge 
62 
50 

Si 
49 
15 

C 

28 
20 


Bi 


Sb 

200 

50 

As 
69 


20 

N 

142 

50 


Te 

III 


I 

172 


Se 

Br 

63 

153 

15 

20 

S 

CI 

44 

lOI 

10 

30 

0 

F 

"3 

69 

10 

5 

H 


Nt 


Xe 


Kr 


Ar 


Ne 


He 


Cs 

66 
20 

Rb 

62 
20 

K 

61 
20 

Na 

13 

20 

Li 


Ra 
10 
SO 

Ba 

148 

DOO 

Sr 

89 

000 

Ca 


Mg 

58 
500 

Be 


La 

356 
50 

Y 

430 
100 

Sc 
204 
100 

Al 

115 
100 

B 

3 


Th 


Ce 

1758 
19 

Zr 

1529 
30 

Ti 

1705 

100 

Si 
49 
IS 


Ti 

1705 
100 

Zr 

1529 
30 


V 

2837 
5° 

Cb 

2086 
15 


Cr 

1806 
SO 

Mo 

3248 
30 


Mn 

1215 
30 


Fe 

Co 

1838 

1360 

20 

30 

Ru 

Rh 

I6S9 

948 

20 

20 

Ni 

623 

15 

Pd 

532 
50 


Cu 

328 
200 

Ag 
380 


Zn 

134 
500 

Cd 
129 


Ga 

14 
20 

In 

30 
SO 


Ge 

62 
50 

Sn 

103 

30 


Ce 


Pr 

Nd 

Sm 

Eu 

Gd 

Tb 

Dv 

Ho 

Er 

Tm' 

Tm" 

Yb 

1732 

2540 

1085 

1508 

1411 

1409 

1464 

1222 

1785 

667 

IS 

15 

10 

100 

20 

20 

20 

30 

10 

20 

Lu 


Lu 

Ta 

W 

Os 

Ir 

Pt 

Au 

Hg 

TI 

1560 

3912 

867  . 

1400 

618 

370 

99 

18 

10 

20 

10 

10 

15 

20 

200 

30 

Th 

u 

2298 

S65S 

10 

S 

Pb 


500 


a  low  intensity  of  these  lines.     It  appears  that  number  of  lines  (L) 
and  intensity  (/)  are  proportional  to  each  other:'  j=k;  but  there 
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is  the  general  exception  that  if  the  element  is  negative  the  intensity 
of  the  lines  falls  much  below  what  should  be  expected. 


The  polar  number  of  the  elements  is  shown  in  the  upper  part  of 
Fig.  2.     The  periodic  character  and  the  regular  rise  and  fall  are 
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very  clearly  represented.     Each  dot  represents  a  valence;    thus 
bromine  forms  typical  compounds  with  the  polar  numbers  —  i,  1,3, 


•      fire 
O     5j9^r■k 

X      Pokrnumkrs 


81 

7 

6 


IflZ    3*   ^    5S6    7    8    8    5      62    3    t   5fl 

Fig    3 

5,  and  7,  while  iron  compounds  with  the  polar  numbers  2  (ferrous), 
3  (ferric),  and  6  (ferrates)  are  known. 

Comparison  of  the  polar  numbers  with  the  number  of  lines  seems 
to  indicate  a  displacement  m  the  peaks  by  two  elements:   thus  V 
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and  Mn,  ]\Io  and  Ru,  W  and  Os,  the  peak  of  the  number  of  Imes 
preceding  the  peak  of  the  polar  numbers. 

While  the  curve  of  the  number  of  lines  resembles  the  curve 
of  the  polar  numbers,  the  curve  of  the  maximum  intensity  resembles 
the  curve  of  electro-potentials  (which  is  not  shown  in  Fig.  2),  and 
the  generalization  is  justified  that  elements  of  high  electro- potential 
give  few  lines  and  elements  of  weak  electro-potential  give  many  lines, 
to  which  as  a  modifying  factor  comes  the  fact  that  elements  with  a 
low  polar  niimher  show  very  intense  lines  and  elements  with  a  high 
polar  number  show  lines  of  weak  intensity. 

This  regularity  is  best  expressed  in  Table  V,  in  which  L  indi- 
cates the  average  total  number  of  lines  for  a  subperiod,  and  /  the 

TABLE  V 

The   AVER.A.GE   Number   of   Lines   of   the  Arc  Spectr.\  and  the 
AVER.A.GE  Highest  Intensity  in  the  Subperiods 


Period 


Terminal      Transition      Terminal 


Upiser  number  =  Average  number  of  lines  in  subperiod 
Lb^er  njir.ber  =     Average  highest  intensity  in  subper. 


This  table  shows  the  relationship  between: 

a)  Few  hnes  in  spectra — strong  electromotive  force 

b)  Lines  of  high  intensity — low  polar  numbers  (1-3) 


average  intensity  for  the  brightest  line.  The  values  refer  to  the 
arc  spectra,  while  a  similar  table  of  the  spark  spectra  would  show 
the   same   regularity.     This   fact   supports   the   theory   that   the 
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spectrum  of  an  element  is  not  the  result  of  a  great  number  of 
homogeneous  atoms  capable  of  forming  many  centers  of  vibration, 
but  the  average  result  of  a  number  of  different  atoms  with  char- 
acteristic centers  of  vibration.  Only  by  this  assumption  at  present 
can  the  relationship  between  number  of  lines  and  intensity  be 
explained.  Accordingly  an  element  does  not  consist  of  uniform 
or  homogeneous  molecules  or  atoms,  but  may  exist  in  a  variety  of 
molecules  or  atoms.  Each  single  molecule  or  atom  emits  its  char- 
acteristic frequencies,  and  we  observe  the  characteristic  lines  pr 

TABLE  VI 

The  Total  Number  of  Lines  in  the  Arc  and  Spark  Spectra  op  the  Elements 

Given  por  Each  Period 

The  numbers  in  the  last  column  are  approximately  8:40:320  or  as  1:5:40 


Elements 

No. 

Total  No.  of  Lines 
PER  Period  in 

Average  No.  of 
Lines  in 

Arc 

Spark 

Period 

Arc 

Spark 

Arc 

Spark 

n 

2ia 

2^5 

n 

Si, 

n 

2ia 

2i, 
n' 

I 

II 

Ill 

IV 

V 

VI 

Li-F 
Na-Cl 

K-Br 
Rb-I 

Cs-Bi 
Ra-U 

7 

7 

17 

16 

26 

S 

25 

160 

I1461 

10476 

30769 

7306 

376 

376 

12557 

II 708 

27231 

7963 

3-57 

22.88 

674.18 

654-75 
1183.42 
1461 .20 

53-71 

53-71 

738.65 

731-75 

1047-35 

1592.60 

-51 

3-27 

39-65 

40.92 

45-52 
292.24 

7.67 

7.67 

43-45 

45-73 

40.28 

318.52 

series  of  lines.  Different  lines  or  different  series  of  lines  of  an  ele- 
ment are  emitted  by  different  atoms,  that  is,  atoms  with  a  different 
arrangement  of  the  electrons.  A  spectrum  containing  only  a  few 
bright  lines  would  indicate  that  the  atoms  of  the  element  occur 
only  in  a  few  species.  This  is  the  case  with  the  alkali  metals, 
where  apparently  only  a  few  modifications  of  the  atom  with  one 
electron  exist.  That  is,  this  one  electron  can  form  only  a  few 
systems  of  different  frequencies,  and  the  spectrum  shows  only  a 
few  lines  of  bright  intensity.  A  spectrum  containing  many  weak 
lines  would  indicate  that  the  atoms  of  the  element  occur  in  many 
species.  Iron,  for  example,  has  a  number  of  free  electrons  which 
may  form  many  different  systems,  each  system  having  its  char- 
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acteristic  vibration  or  vibrations  mathematically  connected,  and 
the  net  result  would  be  many  lines  of  weak  intensity. 

This  theory  would  not  explain  the  non-homogeneity  of  the  lines 
and  their  displacement  by  different  physical  agencies  but  would  be 
supported  by  the  valence  theory  and  magneton  theory  of  Parson. 

A  mathematical  relationship,  for  which  there  is  at  present  no 
explanation,  is  shown  in  Table  VL  In  this  table  the  total  number 
of  hnes  of  a  period  is  given.  If  this  sum  is  divided  by  the  number 
of  the  elements,  of  which  the  lines  have  been  counted,  we  get  for 
the  first  two  periods  values  of  about  60  (lower  values  in  the  table 
must  be  due  to  incomplete  spectra,  which  is  a  result  of  the  physical 
form  of  these  elements,  many  of  them  being  gases),  for  the  follow- 
ing two  periods  about  700,  and  for  the  last  two  periods  about  iioo 
and  1500.  If  these  average  numbers  of  lines  are  again  divided  by 
n,  the  approximate  values  8,  40  (320)  are  obtained.  • 

CONCLUSIONS 

Elements  of  strong  E.M.F.  (e.g.,  halogens,  alkali  metals)  have 
an  arc  and  a  spark  spectrum  composed  of  few  lines,  while  elements 
of  weak  E.M.F.  (e.g.,  iron  group,  rare  earth  metals)  have  an  arc 
and  a  spark  spectrum  of  many  lines. 

Elements  with  polar  numbers  1,2,3  have  lines  of  great  intensity, 
while  elements  with  polar  numbers  over  5  have  lines  of  weak  in- 
tensity. 

For  the  majority  of  elements  (non-metals  excepted)  the  constant 

K  =  ~  is  nearly  equal,  where  L  is  the  total  number  of  lines  of  an 

element  and  /  the  arithmetical  sum  of  the  intensities  of  these  lines. 

The  theory  is  advanced  and  supported  that  the  spectrum  is  the 
average  result  of  a  certain  number  of  different  atom  "species" 
of  the  same  element;  elements  with  strong  E.M.F.  having  few 
species,  those  with  weak  E.M.F.  having  many  species.  These 
species  manifest  themselves  by  the  different  valences  of  elements. 

An  unexplained  relationship  exists  among  the  six  periods  when 
the  sum  of  the  total  number  of  lines  of  a  period  2L  is  divided  by 
the  number  of  elements  n  or  n^. 

Berkeley,  Cal. 
June  1918 
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CORRECTION  OF  OPTICAL  SURFACES 

In  the  June,  1918,  number  of  the  Astrophysical  Journal  Pro- 
fessor Michelson  pointed  out  that  the  method  described  by  me  in 
the  Philosophical  Magazine  (6),  35,  49,  191 7,  was  unsuitable  for 
the  correction  of  large  mirrors  and  lenses,  since  it  would  require 
for  that  purpose  an  interferometer  having  mirrors  of  equally  large 
dimensions. 

The  criticism  is  just,  as  applied  to  the  use  for  large  lenses  of  the 
particular  form  of  apparatus  there  described. 

The  form  preferred  by  us  for  large  lenses  is  as  shown  in  Fig.  i 
below,  which  is  self-explanatory.     Full  descriptions,  both  of  this 
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MIRROR  MIRROR 

V 


Y 


MIRROR 


MIRROR 


I  [(HALF  SILVERED)  I 

OF  ucHTr'W~^^^ ~:;4/ 

SOURCE  j.Y£         COMPENSATOR  OBJECTIVE 

UNDER  TEST 

Fig.  I 

form  and  that  described  in  the  Philosophical  Magazine^  are  given 
in  the  British  Patent  103832  of  1916  and  United  States  of  America 
Patent  1253308  of  1918.  The  form  used  for  microscope  lenses  is 
given  in  Fig.  2,  while  Fig.  3  shows  the  method  applied  to  a  complete 
optical  instrument,  in  this  case  a  microscope. 

Admittedly  the  method  described  by  Professor  Michelson  has, 
when  applied  to  the  special  case  of  a  concave  mirror,  the  undoubted 
advantage  that  no  large  optical  element  other  than  that  under  test 
is  needed.  Whether  this  advantage  is  outweighed  by  the  fact  that 
the  test  consists  of  a  series  of  observations  an  one  point  after 
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another  of  the  element  under  examination  (whereas  in  the  forms  of 
interferometer  I  have  described  the  entire  wave-front  coming  from 
the  optical  element  is  seen  at  a  glance)  can  best  be  decided  by 
experience  of  both  methods. 

Some  years  ago  we  tried  a  method  of  Dr.  Chalmers  which  in 
principle  is  similar  to  that  of  Professor  Michelson/  and  it  would 
seem  from  our  experience  that  my  own  method  is  far  more  con- 
venient for  optical  elements  of  such  size  as  we  have  had  occasion  to 
correct  recently.  At  the  present  time  we  have  in  our  workshops 
ten  of  these  interferometers  in  constant  use,  but  the  largest  is  only 
designed  for  a  5-inch  beam,  since  recent  requirements  have  not 
given  us  an  opportunity  of  using  the  method  for  really  large  work. 

I  take  this  opportunity  of  acknowledging  what  is  very  obvious, 
namely,  my  indebtedness  in  this  matter  to  Professor  Michelson, 
whose  original  interferometers,  besides  serving  many  more  impor- 
tant purposes,  were  the  origins  of  these  forms  I  have  described.  I 
must  also  not  fail  to  make  known  the  great  part  taken  in  developing 
these  interferometers  and  their  uses  by  Mr.  Alfred  Green,  chief 
optical  foreman  of  Adam  Hilger,  Ltd.  It  is  to  his  fertility  of  sug- 
gestion that  the  many  forms  we  have  tried  are  in  great  part  due. 

F.    TWYMAN 
Adam  Hilger,  Ltd.,  London 
Research  Department 
August  20,  1918 


R.\DL\L  VELOCITY  OF  2  co  LEONIS 

This  well-known  visual  binary  (a  =  9''23™,  5  =  +9°3o',  5^*6,  spec- 
trum Go)  was  stated  by  the  writer  to  have  a  variable  radial  velocity 
over  ten  years  ago.^  My  preliminary  measures  gave  a  change  of 
velocity  between  the  first  and  second  plates  of  over  20  km,  but  no 
such  range  was  found  in  later  spectrograms,  of  which  nineteen  have 
been  gradually  obtained.  With  the  omission  of  the  second  plate, 
No.  IB  525,  the  resulting  values  of  the  radial  velocity  are  as  follows. 
The  measures  of  17  plates  were  made  by  Mr.  E.  P.  Hubble  in 

'  For  description  see  Proceedings  of  the  Optical  Convention  (1912),  p.  156.     Pub- 
lished by  the  University  of  London  Press. 
'  Astrophysical  JoiiDial,  25,  61,  igoy. 
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familiarizing  himself  with  the  use  of  the  Hartmann  spectrocompara- 
tor  early  in  1916.  Two  plates  taken  later  were  recently  measured 
by  Miss  Evelyn  W.  Wickham,  who  used  the  Gaertner  machine, 
with  reduction  bv  the  Cornu-Hartmann  formula. 


Plate 


Date 


G.M.T. 


Taken  By 


Velocity 


Quality 


IB    501. 

715- 
925- 
934- 
940. 


1905  Feb.     3 

1906  Mar.  30 
Dec.  14 
Dec.  17 

1907  Jan.      4 


1540 1908     Mar.  20 

1560 Apr.   II 

1568 Apr.   12 

1575 Apr.  13 

1583 Apr.   i! 


1940. 
1966. 
4081. 
4352. 

4363- 
4372. 
4455- 
4859- 


1909 

1915 
1916 


1917 


Apr.  20 
Dec.  28 
Jan.  25 
Mar.  30 
Jan.   7 


18 


Jan. 
Jan. 
Apr.  14 
Apr.  6 


21°  50"° 

16  10 

20  17 

23  00 

23  00 
18  09 

17  19 
16  23 
15  40 

14  38 

15  01 

2  2  20 
2Q  05 

17  13 

20  50 

21  28 
20  30 

15  55 
14  59 


B,  S 
F,  S 
B,  S 
B,  S 
B,  S 

L,  B,  S 
L,  S 
L,  S 
B,  S 
L,  S 

B,  S 
B,  S 
B,  S 
F.  S 
Cr,  S 

Cr.  S 
H,  S 
H,  S 
M,  S 


7.6  km 
3-6   I 
5-3   I 
0.4 
6.8 

6.6   I 

5-9 
6.0 
4.8 


-  o.» 

-  1.8 

-  7-2 

-  10.  2 

-  4.4 

-  3  4 


6 

4 

-  8.0 

-  3-3 


—   I 
+  I 


Good 
Good 
Good 
Good 
Good 

Good 
Good 

Very  weak 
Weak 
Weak 

Weak 

Good 

Good 

Fair 

Fair 

Fair 

Very  good 
Weak 
Good 


B  =  Barrett ;  Cr  =  Crump ;  F  =  Frost ;  H  =  Hubble ;  L  =  Lee ;  M  =  Monk ;  S  =  Sullivan. 

While  examining  the  plates  of  this  star,  ]Mr.  George  S.  Monk 
applied  to  the  second  plate,  IB  525,  the  criteria  for  t\pe  in  use  at 
Mount  Wilson.  He  found  its  spectrum  to  be  about  K3,  while  the 
other  plates  of  2  co  Leonis  yielded  Go  to  G2.  He  suggested  that 
this  plate  w^as  not  of  2  Leonis  but  of  the  neighboring  star,  3  Leonis 
(5^8),  which  has  the  same  right  ascension  and  is  almost  1°  south  in 
declination.  The  spectrum  is  classed  ai  Ko  in  Harvard  Annals,  50. 
We  then  arranged  to  take  a  plate  of  3  Leonis,  which  was  measured 
by  Mr.  Monk  with  the  result  p=  +20  km.  This  is  in  agreement 
with  my  preliminary  measure  of  +18  km  for  IB  525,  for  which 
Mr.  Hubble  obtained  +24.4  with  the  Hartmann  spectrocom- 
parator.  I  therefore  believe  that  Mr.  Monk's  suggestion  is  cor- 
rect, that  IB  525  is  a  plate  of  3  Leonis,  an  error  having  been  made 
in  picking  up  the  star  in  the  finder.  The  basis  for  the  original 
statement  as  to  2  co  Leonis  is  thus  removed.     The  range  of  11  km 
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in  the  measures  of  one-prism  plates  given  above  leaves  the  star 
still  open  to  suspicion,  but  hardly  establishes  a  variation.     If  con- 
sidered constant,  the  mean  radial  velocity  from  the  period  1905 
to  19 18  may  be  taken  as  — 4  km. 
The  data  for  3  Leonis  are : 

Plate  Date  G.M.T. 

IB    525         190S  March  3         i7''53" 
485s         1917  April  2  14  s?> 


Taken  By 

Velocity 

Quality 

F,  B,  S 

+  24  km 

Good 

M,  S 

4-20 

Good 

Edwin  B.  Frost 


Yerkes  Observatory 
November  1918 


PRELIMINARY  NOTE  ON  66  ERIDANI 

This  star,  for  which  a  =  5^2™,  5=— 4°47',  Mag.  =5.2,  Spec- 
trum =Ao,  is  an  interesting  spectroscopic  binary  having  the  lines 
of  the  two  components  about  equally  strong. 

The  lines  happened  to  be  single  on  the  first  spectrogram,  taken 
on  October  i,  191 5,  but  their  appearance  aroused  my  suspicions, 
and  the  next  plate  showed  a  wide  separation,  corresponding  to  a 
relative  velocity  of  about  240  km  per  second,  the  components 
yielding  +150  km  and  —90  km.  These  are  in  fact  the  extreme 
values  so  far  obtained.  After  I  had  measured  the  third  plate,  the 
sudden  detachment  of  the  right  retina  postponed  indefinitely  the 
use  of  the  measuring  machine,  and  the  sixty  spectrograms  since 
secured  have  been  measured  by  various  assistants,  as  will  be 
specified  when  the  orbit  is  published. 

Considerable  time  was  spent  in  discovering  the  period,  in  which 
work  I  was  assisted  by  Mr.  Julius  Lemkowitz,  then  computer  here. 
It  is  closely  5.52  days,  and  if  a  few  plates  are  obtained  this  season 
at  the  most  suitable  phase,  it  should  be  determinate  to  the  third 
or  fourth  decimal,  so  that  we  shall  have  the  necessary  material 
for  a  good  orbit.  The  period  during  which  the  components  cannot 
be  separately  measured  is  something  over  six  hours.  The  pre- 
liminary velocity-curve  implies  a  small  eccentricity.     The  motion 

of  the  system  is  not  far  from  -t-30  km, 

Edwin  B.  Frost 

Yerkes  Observatory 
November  1918 
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THE  RADL\L  VELOCITIES  OF  119  STARS  OBSERVED 
AT  THE  CAPE 

By  JOSEPH  LUNT 

In  continuation  of  radial  velocity  work  carried  on  with  the 
24-inch  refractor  (Victoria  telescope)  and  the  four-prism  stellar 
spectrograph  with  long  camera  up  to  May,  1908,  published  in  the 
Annals  of  the  Royal  Observatory,  Cape  of  Good  Hope,  10,  Parts  i 
and  3,  a  new  working  list  containing  365  stars  was  brought  into 
use  in  July  of  that  year. 

The  program  extended  the  magnitude  down  to  4.5  and  em- 
braced both  northern  and  southern  stars  of  t>pes  A  to  Mb.  The 
brighter  stars  down  to  about  magnitude  3 . 7  were  observed  with 
a  narrower  slit  than  were  the  fainter  ones,  and  the  present  paper 
gives  the  radial  velocities  of  119  of  these  brighter  stars  in  a  con- 
densed form  pending  a  more  detailed  account  of  the  work  contem- 
plated when  conditions  become  more  normal. 

A  considerable  number  of  these  stars  (7,7,)  classified  as  of  t^'pes 
A  and  F  were  abandoned,  as  the  spectra  with  the  dispersion 
employed  proved  to  be  unsuitable  for  accurate  measurement.  A 
list  of  these  is  given  in  Table  VI.  The  velocities  of  the  fainter  stars 
which,  with  the  wider  slit,  gave  more  diffuse  spectra  will  be  dealt 
with  in  a  subsequent  communication.  As  the  instrument  and 
methods  of  work  have  been  fully  described  in  the  publications 
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referred  to  and  in  Sir  Da\Tid  Gill's  History  and  Description  of  the 
Cape  Observatory,  it  is  unnecessary  to  say  more  than  that  an  iron 
spark,  diffused  by  a  ground-glass  screen  placed  in  front  of  the  slit, 
was  employed  throughout  as  the  source  of  the  comparison  spectrum, 
and  that  the  measures  were  made  with  a  Hartmann  spectrocom- 
parator.     The  region  measured  was  between  the  iron  lines: 

AA  41 18 .  7-4528 . 8  in  the  case  of  a  Can.  Min.,  standard  2 147 
4315.3-4584.0  "     "      "      "  a  Tauri,  standard  2145 
4337.2-4528.8"     "      "      '•       Solar  standards 
4427.5-4603.1  "     «      "      "  a  Bootis.  standard  1 191 
4427.5-4603.1   "     «      «      "  a  Tauri.  standard  mo 

The  photographic  work  was  completed  at  the  end  of  19 16. 

The  measures  were  made  by  the  writer  except  where  otherwise 
stated.  In  some  cases  plates  remeasured  by  Halm  or  measured 
by  him  alone  are  included  in  the  mean  velocities  given  in  Table  III. 

The  stars  here  dealt  ^sHth  are  di\*ided  into  two  classes:  76.  which 
appear  to  have  constant  velocities,  and  43,  which  are  either  kno\\Ti 
or  suspected  to  be  spectroscopic  binaries  sho^^^ng  variable  radial 
velocities. 

Eighteen  stars  in  the  first  class  were  very  frequenth'  observed 
with  a  view  to  a  continuation  of  the  solar  parallax  work,  and  as 
these  give  the  best  criterion  of  the  accuracy  attained,  the  results 
for  these  stars  are  given  separately  in  Table  I. 

Out  of  the  total  of  1269,  561  plates  of  the  spectra  of  these  18 
stars  were  measured  and  9  were  rejected  for  abnormal  discordance, 
the  discordant  velocities  being  given  in  the  last  column  of  Table  I. 

The  table  shows  that  for  the  stars  of  early  t^-pe  (a  Can.  Min. 
and  7r  Sagittariij,  in  which  it  was  possible  to  extend  the  measures 
into  the  region  of  shorter  wave-length  and  larger  scale,  the  prob- 
able error  of  the  velocity  given  by  a  single  plate  was  about  half  a 
kilometer  and  that  for  the  stars  of  later  t^-pe  (a  Arietis  and  a  Tauri) 
and  the  solar  stars  0.75  km. 

The  probable  error  of  .the  derived  velocities  was  o.  i  km  for  the 
early-t}pe  stars  and  0.15  km  for  solar  and  later-txpe  stars. 

Of  these  552  plates,  98  per  cent  show  discordances  from  the 
means  of  the  groups  of  2  . 5  km  or  less ;  94  per  cent  show  a  discord- 
ance from  o  .0  to  2.0  km.     It  is  difficult  to  fix  th.e  point  where  these 
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results  for  radial  velocity  should  be  considered  to  show  a  real  varia- 
tion, but  we  may  fix  5  km  as  a  "range,"  that  is,  difference  between 
highest  and  lowest  values,  which  is  on  the  border  line.     The  mean 

TABLE  II 
(The  subscript  after  the  velocities  denotes  the  number  of  plates  used) 


St.\r 

Rad.  Vel. 

C.4PE 

Rad.  Vel. 

(2) 
I).  0.  Mills 

DiFF. 

(2) -(I) 

Range 

H.  R.  No. 

Cape 

D.  0.  Mills 

98 

322 

1208 

1829 

2040 

2326 

3307 

3347 

3634 

3699 

3803 

3890 

4630 

4763 

4786 

5287 

5288 

5463 

5649 

5705 

6217 

6241 

6285 

6461 

6630 

6832 

6859 

6913 

7264 

766s 

7869 

7986 

8636 

(3  Hydri 

/3  Phoenicis. .  .  . 

7  Hydri 

^  Leporis 

|3  Columbae.  .  . 

a  Argus 

e  Carinae 

/3  Volantis 

X  Velorum 

I  Carinae 

N  Velorum 

V  Carinae 

6  Corvi 

7  Crucis 

)3  Cor\-i 

w  Hydrae 

6  Centauri.  .  .  . 

a  Circini 

f  Lupi 

<j)'  Lupi 

a  Triang.  Aust . 

e  Scorpii 

f  Arae 

^  Arae 

G  Scorpii 

77  Sagittarii.  .  .  . 
5  Sagittarii.  .  .  . 
X  Sagittarii.  .  .  . 
TT  Sagittarii.  .  .  . 

5  Pavonis 

a  Indi 

^  Indi 

/3  Gruis* 

km 
+  21.76 

-  0.86 
+  17.63 
-14.97 
+  89.37 
+  19.713 
+  11.28 
+  28.85 
+  18.58 

+  13. 56 

-14.24 
+  13.53 
+    5.628 
+  20.47 

-  7.826 
+  27.85 
+     1-436 

+   7-66 

-  8.93 
-28. I3 

-  4.O8 

-  1-924 

-  5-63 
+  0-93 
+  25-O3 

0.O3 
-20.I21 
-43-415 

-  10.I21 
-22.83 
+  0.I6 

-  6.22 

+     I  .  28 

km 
+  23-05 

-  1.26 
+  15-74 
-13-75 
+89-25 
+  20.5,0 
+  10.84 
+  27-O4 
+  18.  2s 

+  13-36 

-14-25 

+  13   95 
+  4-86 
+  20.64 

-  7-54 
+  27-44 
+  2.04 

+  7-74 
— 10.O4 

-30.44 

-  3-24 

-  2.24 

-  6.34 

-  1.24 

+  24-54 

+  0.24 
-19-72 
-43-22 
-11.92 

-  22.65 

-  1.64 

-  6.64 
+  0.66 

km 

+  1-3 
-0.4 
-1.9 
+  1.2 

—  O.I 
+0.8 
-0.4 

-1.8 

-0.3 
—0.2 
0.0 
+0.4 
-0.8 
+0.2 
+0.3 
-0.4 
-4-0.6 
+0.1 

—  I.I 

-2.3 
+0.8 

-0.3 
-0.7 

—  2.1 

-0.5 
+0.  2 
+0.4 
+0.2 
-1.8 
-4-0.2 

-1-7 
-0.4 
-0.6 

km 
1-9 
3-2 
3-7 
3-7 

2-3 

3-6 
4-8 

4-2 

2.6 

1-7 
2.0 

0-3 
5-6 
2.2 

5-3 
2.4 
4-7 
2.5 
1.7 
2.  2 

2-7 

4.5 
0.9 
1.6 
0.4 
1.8 
3-6 
2.0 
3-1 
2.7 
30 
0.4 
5-1 

km 
0.6 
1.8 
0.4 

2-3 

3-5 
1 .1 

3-3 
1.6 

1-9 

2-3 

17 

2-3 

1-4 
2.0 
2.1 

2-9 
2.1 
0.9 
1.8 
2.2 
1.2 
2.4 
13 
i.i 

2-3 
2.2 
0.2 
0.6 

1.6 
3-6 
1 .0 

2.0 
3-7 

Total.  .  . 

33  stars 

No.  of  plates 
311 

No.  of  plates 
147 

Mean  range 
2.8 

Mean  range 
19 

♦Strongly  suspected  of  variability  by  Wright  (see  Publications  of  the  Lick  Observatory,  9,  315). 

"range"  for  the  76  stars  is  2.9km;    the  highest  values  are  5.6, 
5.3  (two),  5.1  (two)  (see  Table  III). 

As  the  period  of  observation  is  extended,  some  of  these  76  stars 
may  prove  to  be  binaries.     It  would  be  easy  to  pick  out  series  of 
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plates  showing  a  very  small  range  over  a  limited  period,  but  these 
give  an  erroneous  idea  of  the  consistency  of  results  which  would 
be  obtained  when  the  period  is  extended  over  several  years,  and 
this  is  the  experience  of  other  observatories.  The  stars  in  Table  I 
have  been  observed  under  severe  conditions,  being  taken  at  quad- 
ratures, at  opposite  seasons  of  the  year,  often  with  the  telescope 
first  on  one  side  of  the  pillar  and  then  the  other,  and  at  very  various 
hour  angles,  first  east  and  then  west,  and  for  periods  extending  over 
from  1 104  to  1583  days;  and  moreover  ten  different  observers  took 
part  at  various  times  in  the  guiding  during  the  exposure  of  the 
plates.  These  conditions  were  imposed  mainly  by  the  nature  of 
the  solar-parallax  problem.  Had  the  object  been  only  radial 
velocities,  more  uniform  conditions  could  have  been  employed  and 
the  consistency  of  results  probably  enhanced. 

At  the  same  time  the  possibility  of  convection  in  stellar  atmos- 
pheres, noted  by  Evershed'  and  Campbell,^  causing  variations  in 
displacements  of  hues,  should  not  be  overlooked. 

If  we  regard  the  wide,  hazy  absorption  lines  in  stellar  spectra 
as  due  to  convection  effects  in  stellar  atmospheres,  as  suggested  by 
Campbell,  it  follows  that  any  star  in  w^hich  the  uprush  of  gases 
predominates  in  the  hemisphere  turned  toward  us  at  the  time  of 
taking  a  spectrogram  will  show  an  abnormal  velocity  of  approach 
and  vice  versa. 

These  convection  effects  may  thus  introduce  slight  apparent 
variations  in  velocity  which  do  not  belong  to  the  star  as  a  whole, 
and  which  would  be  irregular  in  character  and  may  account  for 
unexplained  discordances  in  determinations  of  radial  velocity 
extending  over  long  periods. 

Summarizing  from  Table  I,  we  have  the  following  means  of  the 
probable  errors,  R  and  r  being  the  probable  errors  of  a  mean 
velocity  and  of  a  single  plate  respectively: 

66  plates  of    2  stars     a  Caru  Min.,  standard  2147 
91  plates-of    2  stars     a  Tauri,  standard  2145 
395  plates  of  14  stars        Solar  standards 

552  plates  of  18  stars  Mean  =^0.13     ±0.73  km 

•  Kodaikanal  Observatory  Bulletin,  No.  36.         '  Lick  Observatory  Bulletin,  8,  82. 


R 

r 

±0.09 

±0.46  km 

^0.  12 

±0.75  km 

±0.  14 

=4=0.77  km 
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The  radial  velocities  measured  with  stellar  plates  as  standards 
have  the  further  uncertainty  in  the  assumed  value  of  the  shift  of 
the  spectrum  on  the  standard  plate,  which  is  for 

a  Can.  ^lin.  2147  Shift  —   1.22  ±0.14  km 

a  Tauri  2145      "     +77.38  ±0.14  km 

a  Tauri'         iiio     "     +84.41  ±0.09  km 

a  Bootis         1191      "     +19.03  ^to.ogkm 

the  shift  being  measured  by  comparison  with  20  plat'^s  of  the  solar 
spectrum  (daylight  spectra)  duly  corrected  for  the  earth's  radial 
velocity  with  respect  to  the  sun. 

Comparison  with  velocities  obtained  at  other  observatories. — Radial 
velocities  for  the  76  stars  of  Table  III  have  been  published  by 
Campbell  in  Lick  Observatory  Bulletin  7,  1 14-128,  representing  the 
best  values  obtained  from  the  results  available  from  all  sources. 
The  systematic  difference  is  +0.08  km  (lAc^  minus  Cape).  The 
individual  differences  may  be  divided  as  follows : 

km  km 

Lick  wi;n<5  Cape        0.0  to  0.5  36  stars 

0.6  to  I .0  16 

I.I  to  1.5  15 

1 .6  to  2.0  6 

2 . I  to  2 . 2  3 

76  stars 
The  range  of  velocities  for  individual  stars  may  be  thus  classified: 


Range 


km    km 

0.0  to  2.0 

23  stars 

2.1  to  3.0 

21 

3.1  to  4.0 

13 

4.1  to  5.0 

13 

.=5  I  to  ; .  6 

6 

76  stars 

Thirty-three  stars  common  to  Table  III  and  to  the  program  of 
the  D.  O.  ]Mills  Expedition  to  Chile  show  a  systematic  difference 
of  —0.3  km  (Chile  minus  Cape). 

'  Annals  of  the  Cape  Observatory,  10,  45  and  49. 
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TABLE  VI 


Cape  List 
No. 


H.R. 
No. 


54- 
65- 
72. 


90. 
100. 
102. 
144. 

155- 
174. 
181. 
202. 
205. 
222. 

237- 
248. 
258. 
260. 
266. 
267. 
292. 
302. 
306, 
317- 
332. 
339- 
346. 
35°  • 
352. 
355- 


553 

591 
1412 
1666 
1998 
2484 
2540 
2550 
2763 
2777 
3786 

4031 

4357 

4534 

S028 

5107 

5531 

5897 

6095 

6380 

6445 

6553 

6556 

7194 

7377 

7557 

7913 

8322 

8558- 

8675 

8709 

8728 

8787 


Star 


/3  Arietis* 

a  Hydrif 

6'  Tauri* 

/3  Eridanif 

f  Leoporisf 

I  Geminorum*. . . 

6  Geminorum +. . . 

a  Pictoris§t 

X  Geminorum*. . . 
5  Geminorum*. . . 

\p  Velorum* 

f  Leonis* 

5  Leonisf 

/3  Leonis* 

t  Centauri*§.  .  . 

f  Virginist 

a^  Libra* 

/3  Triang.  Aust.*. 

7  Herculis* 

7]  Scorpii* 

^  Ophiuchi* .... 

d  Scorpii* 

a  Ophiuchi  t ... 
f  Sagittarii^. . . . 

6  Aquilae* 

a  Aquilaej 

/3  Pavonis* 

5  Capricorni*. .  . 
f  Aquarii(du)*. . 

e  Gruisf 

5  Aquariif 

a  Piscis  Aust.f.  ■ 
d  Gruis* 


22 


49.1 
55.6 
9 
9 
4 
7 


5  2 
42 

6  39 
46 

47.2 

7  12.3 
14.2 

9  26.8 

10  II . I 

11  8.8 
44.0 

13  ISO 
29.6 

14  45-3 

15  46.3 

16  17. 5 

17  S-o 
150 
30.1 
30 

18  56 

19  20 

45 

20  36 

21  41 

22  23 
42.5 
49-3 
52.1 


1900 


23 


1 .  2 


+  20  19 
-62     3 

+  15  39 
-  5  13 
-14  52 
+  13  o 
+34  5 
-61  so 
+  16  43 
+  22  10 
—40  2 
+  23  55 
+  21  4 
+  15  8 
-36  II 


38 
7 

23 
6 


-15 
-63 
+  19 
-43 

—  21   I 

-42  56 
+  12  38 
-30  I 
+  2  55 
+  8  36 
-66  34 

-16  35 

—  o  32 

-51  51 

—  16  21 

-30  9 
-44  4 


Mag. 

Type 

2.72 

A5 

3 

02 

F 

3 

62 

A5 

2 

92 

A2 

3 

67 

A2 

3 

40 

i-'s 

3 

64 

A2 

3 

30 

A5 

3 

65 

A2 

3 

51 

F 

3 

64 

i-'s 

3 

65 

F 

2 

58 

A2 

2 

23 

A2 

2 

91 

A2 

3 

44 

A2 

2 

90 

A  2 

3 

04 

F 

3 

79 

F 

3 

44 

F2 

4 

46 

i^'5 

2 

04 

F 

2 

14 

A5 

2 

71 

A2 

3 

44 

F 

0 

89 

As 

3 

60 

As 

2 

98 

As 

3 

81 

i^'S 

3 

69 

A2 

3 

51 

A2 

I 

29 

A3 

4 

35 

Fs 

Rad.  Vel. 
(Lick) 


-  5- 


+  27. 
+  8. 


—  18. 

+  1-3 

+  2.0 


-39- 
-28. 
-  8.6 

+  5- 

+22. 

-33- 
+   9-4 

+  27.1 

+  22. 
+  6.7 
+  10.0 


*  Faint  diftuse  lines. 
fHoandHS  (Mg  4481). 
t  Not  observed . 


§  Type  stars. 
t  Plate  missing. 


The  results  for  individual  stars  are  given  in  Table  II.     They 
mav  be  divided  as  follows: 


Chile  minus  Cape 


km  km 

0.0  to  o.  5  18  Stars 

0.6  to  1 .0  6 

I .  I  to  1 .  5  3 

1 . 6  to  2 .  o  4 

2 . I  to  2 .3  2 


33  stars 
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The  mean  range  for  Chile  is  i  .9  km  and  for  the  Cape  2  .8  km,  but 
the  Cape  results  depend  on  311  plates  as  compared  with  147  plates 
taken  in  Chile. 

Eleven  of  the  stars  have  a  range  equal  to  or  smaller  than  that 
shown  by  the  Chile  plates  and  22  larger. 

The  18  stars  in  Table  I  show  a  more  consistent  positive  differ- 
ence, viz.,  +0.6  km.  Lick  — Cape,  when  compared  with  Campbell's 
values  in  Lick  Observatory  Bulletin,  No.  229. 

In  Table  III  24  stars  have  also  been  observed  at  Bonn'  by 
Kiistner  and  Zurhellen.  The  greatest  difference  in  velocity  is 
—  1.7  km  Bonn  — Cape  in  the  case  of  17  Piscium,  a  star  suspected 
to  be  variable  by  Lord  and  Maag.^  The  Cape  and  Lick  velocities 
agree.  Only  5  stars  show  a  difference  over  a  kilometer.  The 
Bonn  velocities  were  corrected  —  i.okm  in  accordance  with  the 
observations  made  on  the  isolated  peaks  near  the  terminator  of 
the  moon.     The  mean  difference  Bonn  — Cape  is  0.14  km  per  sec. 

Eleven  stars  could  be  compared  with  the  results  of  Lord  and 
Maag^  at  the  Emerson  McMillin  Observatory  at  Columbus. 
These  show  a  positive  difference  throughout  amounting  to  +2.1  km 
in  the  mean.  Their  observations  of  Venus  taken  as  a  check  indicate 
that  their  velocities  are  too  high  (positive)  by  i  .8  km,  and  if  their 
results  are  corrected  by  this  amount  the  difference  Columbus  — 
Cape  becomes  only  +0.3  km. 

We  have  therefore  the  following  corrected 

Systematic  Differences 

76  stars  Lick  — Cape  +0.  i  km  (Table  III) 

33  Chile  — Cape  —0.3         (Table  II) 

24  Bonn— Cape  +0.1         Correction  applied  —  i . o  km 

18  Lick-Cape  +0.6         (Table  I) 

II  stars  Columbus— Cape  +0.3         Correction  applied  —  i . 8  km 

Mean  results  for  each  of  the  76  stars  considered  as  constant  in 
velocity  are  given  in  Table  III.  Table  IV  gives  the  particulars 
relating  to  the  43  stars  known  or  suspected  to  be  spectroscopic 
binaries.     It  is  self-explanatory.     Table  V  gives,  the  results  of  the 

■  Astrophysical  Journal,  27,  301,  1908.         ^  Ibid.,  21,  313,  1905.         ^  Ibid. 
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measures  of  individual  plates  of  the  stars  of  Table  IV.  Thirty- 
three  stars  of  the  A  and  F  types,  which  were  included  in  the  Hst  for 
observation  with  a  narrow  slit,  and  which  were  found  to.  have 
spectra  unsuitable  for  inclusion  in  the  present  series  either  because 
of  the  faint  and  diffuse  nature  of  the  lines  with  the  dispersion 
employed  or  the  paucity  of  lines,  are  shown  in  Table  VI. 

These  stars  are  not  comparable  with  the  type  stars  Sirius  (A), 
Canopus  (F),  and  a  Can.  Min.  (F5),  which  have  much  heavier  and 
sharper  absorption  lines  well  suited  for  measurement  of  velocities. 

Those  stars  marked  f  generally  show  only  the  hydrogen  hues 
H7  and  H6  and  in  some  cases  the  Mg  line  at  4481  in  the  limited 
field  of  spectrum  photographed.  Those  marked  *  show  numerous 
hazy  lines  of  feeble  absorption.  These  stars  are  better  dealt  with 
by  using  a  smaller  dispersion. 

Velocities  for  20  of  the  stars  in  Table  VI,  in  most  cases  approxi- 
mate, have  been  published  in  Lick  Observatory  Bulletin,  7,  20  and 
114,  and  are  inserted  in  the  table. 

Royal  Observatory,  Cape  of  Good  Hope 
May  16,  1918 


STUDIES  BASED  OX  THE  COLORS  AND  :MAGmTUDES 
IN  STELLAR  CLUSTERS^ 

EIGHTH  PAPER:    THE  LUIVIIXOSITIES  AND  DISTANCES  OF 
139  CEPHEID  VARLABLES 

By  HARLOW  SHAPLEY 

Aside  from  the  error  involved  in  the  determination  of  the 
zero-point  of  the  luminosity-period  curve, ^  most  of  the  error 
affecting  the  absolute  parallax  of  an  isolated  Cepheid  variable  is 
due  to  the  uncertainty  of  apparent  magnitude,  since  the  period  of 
light-variation  is  usually  known  with  an  accuracy  that  for  this 
work  is  superfluous.  Scores  of  observers,  employing  numerous 
methods  and  systems  of  magnitudes,  have  participated  in  the  dis- 
covery and  observation  of  these  stars;  but  observations  have  often 
been  made  solely  for  the  determination  of  periods,  little  attention 
being  given  to  light-curves  or  accurate  values  of  maximum  and 
minimum  light.  Frequently  the  magnitudes  are  referred  to  the 
system  of  the  Bonner  Durchmiisterung,  and  only  occasionally,  for 
the  brighter  or  best  known  stars,  to  the  Potsdam  or  Harvard 
photometric  scales. 

Adding  to  the  uncertainty  in  the  systems  of  magnitude  the 
occasional  difficulty,  arising  from  changes  in  the  form  of  light-curves, 
in  obtaining  accurate  mean  values  of  maximum  and  minimum 
brightness,  we  must  expect  an  average  probable  error  in  the  adopted 
median  magnitude  of  the  order  of  0.4  mag.  The  consequent 
a\'erage  probable  error  computed  for  the  parallaxes  of  stars  that  are 
normal  Cepheids  is  about  20  per  cent  of  the  tabulated  values ;  for  a 
number  of  the  brighter  stars  and  for  well-observed  cluster-t\^e 
variables  the  error  is  only  a  little  more  than  half  that  amount,  but 
possibly  it  attains  a  maximum  of  50  per  cent  for  some  of  the 
faintest  stars  that  are  scantily  observed  on  uncertain  magnitude 
systems.     Accurate    determinations    of    the    apparent    visual    or 

'  Contribulions  from  the  Mount  Wilson  Solar  Observatory,  Xo.  153. 
^  Mt.  Wilson  Contr.,  No.  151,  sec.  III. 
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photovisual  magnitude  should  reduce  the  probable   error   of   the 
parallax  of  any  Cepheid  to  less  than  15  per  cent. 

The  estimated  range  of  10  to  50  per  cent  in  the  probable  error 
of  the  parallaxes  allows  for  a  variation  in  the  probable  error  of 
apparent  median  brightness  from  a  tenth  to  a  whole  magnitude — 
an  amount  which  is  shown  by  an  examination  of  the  underlying 
observational  material  to  be  sufficient.  We  note,  therefore,  that 
for  parallaxes  obtained  with  the  period-luminosity  curve  the 
accuracy  appears  to  surpass  that  of  direct  measures  on  any  object 
for  which  the  parallax  is  less  than  o''oi,  and  is  essentially  independ- 
ent of  distance.  About  two-thirds  of  the  Cepheids  now  known  have 
parallaxes  smaller  than  o''ooi. 

The  greatest  chance  for  serious  error  in  the  work  lies  in  the 
unintentional  inclusion  of  some  stars  that  are  not  typical  Cepheids. 
For  a  star  showing  periodic  continuous  variation  which  simulates 
certain  Cepheid  characteristics  but  exhibits  peculiarities  such  as 
double  maxima  or  minima,  we  have  found  from  cluster  studies  that 
the  absolute  brightness  usually  is  less  than  for  typical  variables 
having  the  same  period.  The  mean  periods  of  such  peculiar  stars 
are  often  long;  and,  conversely,  Cepheids  of  very  long  period  are 
frequently  abnormal.  Until  the  normahty  of  period  and  light-curve 
is  estabhshed,  we  must,  therefore,  look  with  some  doubt  upon  the 
enormously  great  absolute  luminosity  (and  distance)  obtained  for 
galactic  variables  with  periods  in  excess  of  forty  days.  Accordingly 
such  stars  are  relegated  to  a  supplementary  table,  which  also  con- 
tains provisional  parallaxes  and  luminosities  of  variables  that  for 
various  other  reasons  seem  uncertain. 

The  list  of  variables  in  Table  I  is  essentially  complete  for  t>-pical 
stars  with  definitely  determined  periods  less  than  forty  days.  The 
various  Harvard  compilations  and  Hartwig's  annual  catalogue 
are  the  principal  sources  of  observational  data.^     Names  and  posi- 

^Note  added  to  proof,  April,  igi8. — Hartwig's  catalogue  and  ephemeris  of  variable 
stars  for  19 15  was  the  last  number  of  that  annual  publication  available  when  the 
tables  for  this  paper  were  compiled.  The  issue  for  19 18,  which  has  now  been  re- 
ceived, contains  not  only  numerous  revisions  of  the  periods  of  the  older  variables 
but  also  some  additions  to  the  list.  The  corrections  demanded  by  the  revised 
periods  have  been  applied  to  the  values  in  all  the  tables,  the  text  has  been  modified 
where  necessary,  and  the  statistical  results  in  Tables  II-\T  now  include  the  data  for 
the  twelve  additional  stars  in  Table  la. 
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tions  have  been  taken,  whenever  possible,  from  Table  VIII  of  Harvard 
A  finals,  56.  For  a  majority  of  the  stars  the  median  xdsual  magnitude 
of  the  eighth  column  is  the  mean  of  the  maximum  and  minimum 
-magnitudes  given  in  this  Harvard  hst,  although  for  a  number  of  va- 
riables improved  magnitudes  are  obtainable  from  recent  literature. 
An  photographic  magnitudes  have  been  reduced  to  the  visual  system 
with  the  aid  of  a  mean  color-curve.  The  periods  are  mainly  from 
Hartwig's  catalogues,  but  occasionally  recent  pubUcations  afford 
better  values.  The  parallaxes  have  been  computed  from  the  abso- 
lute magnitudes,  which  were  read  directly  from  the  luminosity- 
period  curve.  A  representation  of  the  cur\-e  appears  in  Fig.  i  of 
Contribution  No.  151.  For  the  sake  of  uniformity  the  first  decimal 
place  is  retained  for  all  the  distances  in  the  last  three  columns, 
though  for  the  larger  values  it  is  generally  meaningless. 

The  ^^  stars  in  Table  II  include:  (i)  all  with  periods  greater 
than  forty  days,  some  of  which,  RS  Puppis,  for  instance,  seem  to 
show  t}pical  Cepheid  variation,  although  others,  with  M-t\'pe 
spectra,  maybe  classed  more  correctly  with  the  long-period  variables; 
(2)  a  few  with  period  or  t>pe  somewhat  uncertain;  (3)  7  stars  that 
appear  to  belong  to  the  RV  Tauri  type  of  variation,^  and  (4)  a 
number  known  to  be  otherwise  peculiar  or  irregular.  Further  obser- 
vation is  sure  to  place  some  of  these  stars  with  those  of  Table  I. 
While  it  is  very  probable  that  the  absolute  brightness  of  all  of  them 
is  high,  in  many  cases  the  luminosity-period  relation  may  not  hold 
rigorously.  Moreover,  the  high  galactic  latitude  of  some  variables 
with  periods  in  excess  of  forty  days  suggests,  as  strongly  as  the 
frequent  peculiarities  of  period  and  amplitude,  that  these  stars 
differ  too  greatly  from  the  typical  Cepheid  to  make  the  estimated 
distances  of  much  value. 

'  The  periods  of  RV  Tauri,  R  Sagittae,  and  V  Vulpeculae  are  taken  as  thirty-nine, 
thirty-five,  and  thirty-eight  days,  respectively;  these  values,  representing  approxi- 
mately the  cycle  of  the  principal  variations,  are  more  likely  to  give  correct  absolute 
luminosities.  Cf.  van  der  Bilt,  Recherches  Astronomique^de  VObservatoire  d'Utrecht, 
VI,  1916.  On  the  authority  of  Enebo  similar  treatment  is  accorded  TV  Andromedae, 
RY  Lacertae,  SW  Persei,  and  RX  Ursae  Majoris.  L2  Puppis  is  a  bright  southern 
variable  that  may  belong  to  this  interesting  type;  a  critical  examination  of  its  spectrum 
is  ver>-  desirable.  The  study  of  the  secondary  variations  of  such  tj-pical  stars  as 
RR  Lj'rae  {Astrophysical  Journal,  43,  217,  1916)  shows  that  the  difference  between  the 
RV  Tauri  t\-pe  and  the  ordinary  Cepheids  is  not  so  great  as  appears  superficially. 
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The  period  of  any  star  in  Table  II  may  be  found,  if  desired,  b}- 
reading  its  logarithm  from  the  luminosity-period  curv'e  for  the  cor- 
responding tabulated  absolute  magnitude;  and  the  adopted  median 
apparent  magnitude  can  be  readily  computed  from  the  parallax  and 
absolute  magnitude.  The  last  five  stars  of  the  table  were  added 
from  Har twig's  19 18  catalogue;  see  note  i,  p.  280.  The  variables 
of  Table  II  are  not  used  in   the  diagrams  or  in  the  following 

discussion. 

TABLE  II 

Supplementary  List  of  Variables 


No. 

Name 

Absolute 
Magnitude 

Parallax 

I 

RX  Andromedae 

5-5 

oToooio 

2 

SZ  Cassiopeiae 

-5-6 

0.00008 

3 

S\\'  Persei 

-6.5 

0.00008 

4 

SW  Aurigae 

-4-7 

0.00004 

5 

R\'  Tauri 

-5-3 

0.00009 

6 

SS  Geminorum          ! 

~5-5 

0.00018 

7 

V  L\Ticis 

-6.2 

0.00009 

8 

RU  Camelopardalis 

-4.4 

0.00019 

9 

RS  Puppis 

-5-3 

0.00029 

10 

Z  Cancri 

-6.2 

O.OOOIO 

II 

RX  Ursae  Majoris    i 

-6.0 

0.00003 

12 

S  -\ntliae 

-0.3 

0.0042 

13 

Z  Leonis                     1 

-5-8 

0.00012 

14 

S  Crucis 

—  2.0 

0.0016 

15 

W  \'irginis 

-4.0 

0.00014 

16 

V  L'rsae  Minoris 

-6.2 

0.00015 

17 

\rV  Draconis 

-6.3 

O.OOOIO 

18 

TX  Scorpii 

-0.6 

0.0021 

19 

K  Pavonis 

-30 

0.0032 

20 

S  \'ulpeculae 

-6,1 

0.00009 

21 

TX  Aquilae 

-51 

O.OOOIO 

22 

R  Sagittae 

-51 

0.00013 

23 

V  \'ulpeculae 

-5-2 

0.00017 

24 

T\V  Pegasi 

-6.3 

0.00018 

25 

RY  Pegasi 

-4.6 

O.OOOIO 

26 

RY  Lacertae 

-6.0 

0.00003 

27 

\V  Cephei 

-2.4 

0.00091 

28 

X  Lacertae 

—  2.2 

0.00076 

29 

T\'  Andromedae 

-6.0 

0.00007 

30 

RU  Aquarii 

-6.1 

0.00009 

31 

TZ  Persei 

-4.0 

0.00004 

32 

U  Monocerotis 

~5  -5 

0.00044 

33 

UL'  He  re  u1  is 

-6.0 

O.OOOIO 

34 

TX  Ophiuchi 

-6.2 

0.00005 

35 

AP  Sagittarii 

-3-3 

0.00083 

There  can  be  no  doubt  of  the  intimate  relationship  of  cluster- 
t\pe    variables    to    the    longer-period    Cepheids,    but    in    a    few 
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characteristics  there  appear  wide  differences — discontinuities  in 
the  usual  progressive  connections.  One  conspicuous  discontinuity 
appears  in  the  frequency  of  periods,  which  is  illustrated  in  Table  III 
for  the  139  variables  of  Tables  I  and  la.  Attention  has  been 
previously  called  to  this  matter  by  Hertzsprung  and  others.  The 
reason  for  the  two  maxima  in  the  frequency-curve  must  be  sought 
in  the  dynamics  of  the  stars  themselves. 

TABLE  III 

Frequency  of  the  Periods  of  139  Cepheid  Variables 


Period  in  Days 


Period  in  Days 


Number  of 
Stars 


13. 0-14.0 

I 

14.0-15.0 

4 

15. 0-16.0 

3 

16. 0-17.0 

4 

17. 0-18.0 

2 

18. 0-19.0 

2 

19.0-20.0 

4 

20.0-25.0 

I 

25.0-30.0 

2 

30.0-35.0 

0 

35.0-40.0 

2 

Two  other  notable  differences  between  the  two  groups  are  the 
space  distribution  and  the  space  velocities.  Hertzsprung  has 
maintained  in  several  notes  that  the  cluster-type  stars  must  be  of 
low  luminosity  because  of  the  large  proper  motion  of  their  brightest 
representative,  RR  Lyrae  {jx  =  o'!2^),  and  because  of  the  position  of 
many  such  stars  in  high  galactic  latitude.  The  closely  comparable 
luminosity  of  the  two  groups,  however,  is  estabhshed  by  the 
luminosity-period  curve.  Moreover,  RR  Lyrae  has  a  much  larger 
radial  velocity  than  the  ordinary  Cepheids,  Fo=5o  km/sec,  and 
its  proper  motion  may  be  an  indication  of  great  peculiar  velocity 
rather  than  of  large  parallax. 

This  supposition  is  strongly  supported  through  spectroscopic 
observations  by  Adams  of  four  other  cluster-tx-pe  variables.  The 
smallest  radial  velocity  is  -52  km/sec.  for  RS  Bootis;  the  greatest, 
is  — 196  km/sec.  for  XZ  Cygni,  which  has  an  annual  proper  motion 
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of  o''i,  according  to  a  determination  kindly  made  at  the  writer's 
request  by  Professor  Tucker.  If  we  adopt  the  parallaxes  in  Table  I, 
the  space  velocities  of  RR  Lyrae  and  XZ  Cygni,  400  km,  sec, 
are  among  the  greatest  known.  The  average  radial  velocity  for  the 
longer-period  Cepheids  is  less  than  10  km  sec.  It  is  possible, 
therefore,  that  the 
marked  contrast 
between  the  wide  dis- 
persion of  isolated 
cluster-t\pe  stars  and 
the  galactic  concentra- 
tion of  normal  Cepheids 
arises  solely  from  the 
fact  that  the  velocities 
of  the  former  are  enor- 
mous while  those  of  the 
latter  are  moderate,  in 
keeping  with  the 
motions  of  most  other 
red  and  yellow  giant 
stars. 

Table  IV  contains  a 
summary  of  the  distribu- 
tion of  the  variables 
with  periods  less  than 
one  day.  The  number 
of  such  stars  is  not  large; 
the  data  are  without 
doubt  incomplete  and 
there  may  be  a  preference  for  certain  parts  of  the  sky;  hence  no 
very  definite  quantitative  conclusions  should  be  based  upon  the 
material.  The  projection  of  these  stars  on  the  galactic  plane  is 
illustrated  in  Fig.  i ;  the  distance  from  the  plane  is  shown  in  Fig.  3. 
The  great  distances  of  RU  Bootis  and  SW  Herculis,  and  in  particu- 
lar the  significance  of  the  former's  position  so  far  from  the  galactic 
plane,  have  been  remarked  upon  previously'  and  will  be  referred 

'  Publications  of  the  Astro>wmtcal  Society  of  the  Pacific,  29,  1S3,  19 17. 
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Fig.  I. — Projection  on  galactic  plane  of  the 
position  of  Cepheid  variables  with  periods  shorter 
than  one  day.  The  circles  are  heliocentric,  with 
radii  of  1000  parsecs,  2000  parsecs,  etc.;  galactic 
longitudes  are  indicated  in  the  margin.  Many  of 
these  variables  are  so  far  above  or  below  the  plane 
that  the  diagram  does  not  well  represent  the  distri- 
bution in  space. 
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to  again  in  a  subsequent  paper.  Six  cluster-type  variables,  with 
i?sinj8  greater  than  1750  parsecs,  are  beyond  the  bounds  adopted 
as  defining  the  equatorial  segment  of  the  Galaxy  (Fig.  3).  The 
mean  distance  from  the  galactic  plane  is  960  parsecs  for  these 
45  variables  of  Table  IV;  for  Cepheids  with  periods  greater  than  a 
day  it  is  150  parsecs — less  than  one-sixth  as  much.     The  parallaxes 
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Fig.  2. — Projection  on  the  galactic  plane  of  the  positions  of  Cepheid  variables 
with  periods  greater  than  one  day.  The  restriction  to  the  Galaxy  is  so  marked  for 
these  stars  (see  Fig.  3)  that  the  diagram  closely  represents  the  distribution  in  space. 
The  concentration  of  stars  near  longitude  255°  reflects  the  systematic  study  at 
Harvard  of  the  periods  of  all  Cepheids  in  a  restricted  region  {Harvard  Circular, 
No.  170);  it  suggests  the  incompleteness  of  our  data  in  other  longitudes. 


of  RS  Bootis,  RU  Bootis,  XX  Cygni,  XZ  Cygni,  and  RR  Lyrae  are 
the  most  accurate. 

The  distribution  in  the  galactic  plane  of  the  94  variables  with 
periods  longer  than  a  day  is  shown  in  Fig.  2 .  The  space  co-ordinates 
are  treated  in  some  detail  in  Table  V.  showing  the  close  restriction 
of  ordinary  Cepheids  to  the  galactic  plane.     As  a  graphical  test  of 
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TABLE  IV 

Distance  From  Galactic  Pl.axe  of  45  Cepheids  with 
Periods  Less  Thax  a  Day* 

Variables  North  of  Galactic  Plane  Varl^bles  South  of  G.\lactic  Plaxe 


Limits  of  Distance            Number 

Limits  of  Distance 

Number 

>  +  i5oo  parsecs.  .  .  . 
+  1500  to+iooo. .  . 
+  1000  to+  500..  . 
+  500  to           0..  . 

Total 

7 
7 
9 
6 

29 

<  — 1000  parsecs.  . 

—  1000  to  —500. 

—  500  to         0. 

Total 

3 
5 
8 

16 

*  Allowance  for  the  position  of  the  sun  north  of  the  Milky  Way  plane 
would  alter  these  values  slightly  but  would  not  change  the  actual  dispersion. 
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Fig.  3. — Distribution  of  Cepheid  variables.  The  unit  of  distance  is  100  parsecs. 
Ordinates  are  distances  from  the  galactic  plane;  abscissae  are  projected  distances  in 
the  plane;  cf.  Fig.  5  of  the  seventh  paper.  Open  triangles  and  black  dots  designate 
respectively  cluster-type  variables  and  Cepheids  with  periods  in  excess  of  a  day. 
The  nearest  globular  cluster,  w  Centauri,  is  just  outside  the  boundary  of  the  diagram 
on  the  right;  RU  Bootis,  indicated  by  an  arrow,  is  too  far  above  the  plane  to  fall 
within  the  figure.  The  semicircles  with  radii  of  500  and  1000  parsecs  (7r  =  o'oo2 
and  ofooi)  indicate  how  very  distant  most  of  these  variables  are  as  compared  with 
the  average  star  of  the  tenth  magnitude  or  brighter  (7r>o"oo4,  Kapteyn).  Between 
the  broken  horizontal  lines,  =^=1750  parsecs,  lies  the  equatorial  galactic  region  devoid 
of  globular  clusters. 
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the  relation  of  galactic  concentration  to  distance  from  the  sun,  the 
values  of  i?sin/3  are  plotted  in  Fig.  3,  against  Rcos0,  triangles  for 
cluster- tj'pe  variables,  and  dots  for  those  with  periods  in  excess  of  a 
day.  It  is  important  to  note  that  for  the  latter  the  greatest  dis- 
tance from  the  plane  is  attained  by  the  star  of  shortest  period, 
Z  Canum  Venaticorum,  with  i?  sin  (8= +17  .4  and  period  =  1.890 
days.     Its  space  velocity  may  be  high. 

Table  V  and  Fig.  3  reveal  no  conspicuous  divergence  from  the 
galactic  plane  with  increasing  distance.  The  indications  of  a 
contrary  result,  obtained  in  the  earlier  study,'  was  due  partly  to 
the  inclusion  of  a  few  stars  of  the  RV  Tauri  type;  these  stars  are 
probably  of  lower  luminosity  than  t}'pical  Cepheids  of  like  period, 
and  in  consequence  the  computed  distances,  both  radial  and  from 
the  plane,  were  much  exaggerated. 

TABLE  V 
Space  Distribution  of  q4  Cepheids  with  Periods  Greater  Than  a  Day* 


I 


Limits  of  R  cos  ^  (in  Parsecs) 


O  to  1000    1000  to  2000   2000  to  4000      >4000 


I  No.  of  stars 
Mean  i?  sin  /3  . . . 
Max.i2sini3... 
Av.  dev.  from  mean 

1N0.  of  stars 
Mean  /?  sin  /S 
Max.  K  sin  p 
Av.  dev.  from  mean 

Total  No.  of  Stars 

fWithout  regard  to 


14 
+  220 
+  1740 
=fc   320 

17 

-  80 

—  160 
=fc     40 

31 


Mean  R  sin  ^ 


iWit 


sign 

ith  regard  to  sign 


+ 


150 
60 


6 
+  220 
+810 
±200 

17 
—  100 
-240 
=*=   60 

23 


130 
—   20 


II 
+  160 
+640 
=*=  140 

23 

—  140 

—  400 

±   80 

34 


150 
-  40 


2 
-f  100 
+  210 
=fcioo 

4 

—  260 
-510 
±150 

6 

210 

—  140 


*  Distances  are  given  only  to  the  nearest  ten  parsecs. 


The  distribution  in  longitude  (Table  VI)  of  variables  with 
periods  greater  tt-an  one  day  shows  some  peculiarities  which  may 
be  due  to  incompleteness  of  the  data.  There  are,  for  instance, 
at  least  50  stars  thought  to  be  Cepheid  variables  for  which  periods 

'  Astro  physical  Jourlml,  40,  432,  1914. 
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have  not  been  determined,  and  probably  a  great  number  for  which 
t}^es  are  not  yet  known  also  belong  to  this  class. 

The  greater  number  of  Cepheids  south  of  the  galactic  plane  is 
easily  accounted  for  by  assuming  the  sun  to  be  slighth'  to  the 

TABLE  VI 
Distribution  in  Galactic  Longitude — Number  of  Stars 


0°  to 

30°  to 

60°  to 

go"  to 

120° to 

150°  to  180°  to 

210°  to 

240°  to 

1        i 

270°  to'3oo°  to  330°  to 

ToUl 

30° 

60° 

90° 

120° 

150° 

180°      210° 

240° 

270° 

300° 

330°      360° 

North.... 

0 

2 

3 

3 

3 

.s 

I 

0 

10 

2 

I          3 

33 

South 

6 

7 

9 

3 

3 

I 

0 

I 

13 

5 

2        II 

61 

Total 

6 

9 

12 

6 

6 

6 

I 

I      23 

7          3        14 

94 

north.  In  fact  the  Cepheids  should  afford  a  good  determination 
of  the  distance  of  the  sun  from  the  galactic  plane  when  a  more 
complete  list  becomes  available. 


SUMMARY 

I.  Through  the  use  of  the  luminosity-period  curve  the  absolute 
magnitudes  and  parallaxes  have  been  determined  for  174  variables, 
139  of  which  are  believed  to  be  perfectly  t}pical  members  of  the 
Cepheid  class  (Tables  I  and  la).  The  average  probable  error  is 
estimated  at  20  per  cent. 

2.  Forty-live  variables  belong  to  the  cluster  t}-pe.  with  absolute 
luminosities  a  httle  more  than  one  hundred  times  the  brightness 
of  the  sun.  Ninety-four  are  ordinary-  Cepheids  with  periods  longer 
than  a  day  and  with  luminosities  ranging  from  two  hundred  to  ten 
thousand  times  that  of  the  sun.  For  35  stars  either  the  t\'pe  of 
variation,  or  the  period,  or  the  magnitude  is  not  certain  or  regular 
enough  to  yield  final  parallaxes  (Table  II) . 

3.  The  distances  of  Cepheid  variables  are  considerably  greater 
than  have  been  obtained  heretofore  for  individual  stars.  Less  than 
one-third  of  them  have  parallaxes  greater  than  a  thousandth  of  a 
second.  The  most  distant  Cepheids  now  known  are  nearly  20.000 
light-years  from  the  sur.  The  nearest  globular  cluster  is  at  a 
distance  of  about  21,000  hght-years.     (Cf.  co  Centauri  in  Fig.  3.") 
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4.  The  numerical  evaluation  of  the  distribution  in  space 
confirms  both  the  well-known  concentration  toward  the  galactic 
plane  of  Cepheids  with  periods  greater  than  a  day  and  the  indiffer- 
ence of  cluster-type  variables  to  that  plane.  A  plausible  explana- 
tion of  the  wide  dispersion  of  the  latter  is  to  be  found  in  their 
relatively  very  high  velocities  in  space. 

^louNT  Wilson  Solar  Observatory 
December  191 7 


ox  THE  CAUSE  OF  THE  DISTANCE-VELOCITY 

EQUATION  IN  STELLAR  MOTIONS 

SECOND  PAPER 

By  C.  D.  PERRIXE 

Adams  and  Strom  berg'  object  to  the  treatment  of  some  of  the 
data  in  my  first  paper-  on  the  foregoing  subject  and  reject  the 
possibility  that  there  can  be  a  direct  dependence  upon  distance  trom 
the  sun.  I  am  indebted  to  these  gentlemen  for  sending  me  an 
advance  copy  of  their  comments. 

]My  investigation  rested  very  largely  upon  the  assumption  that 
there  was  a  close  relationship  between  the  size  of  a  star's  proper 
motion  and  its  distance  from  the  sun,  an  assumption  which  had  been 
generally  accepted  and  furnished  the  chief  basis  of  a  knowledge  of 
the  distances  of  most  of  the  stars.  The  conclusions  were  thought 
to  be  sufficiently  guarded. 

Recent  inv^estigations  at  Mount  Wilson  and  at  this  observatory 
seem  to  throw  considerable  doubt  upon  proper  motion  as  a  measure 
of  a  star's  distance.  No  useful  purpose  wdll  be  served,  therefore, 
by  discussing  the  details  of  my  investigation  until  such  time  as  this 
underhing  one  of  distance  is  settled.  Neither  is  it  desirable,  in 
my  opinion,  to  discuss  further  the  e\ddence  in  favor  of  a  dependence 
of  ^'elocity  upon  absolute  magnitude.  If  the  suspicions  which 
exist  with  regard  to  the  parallaxes  of  the  stars  should  be  confirmed, 
such  data  wdll  probably  need  re\dsion  also,  for  it  is  to  be  borne  in 
mind  that  even  spectroscopically  determined  parallaxes  are  based 
finally  upon  relative  parallax  displacements. 

I  shall  therefore  confine  myself  briefly  to  these  doubts  about 
distance  and  to  considerations  which  are  independent  of  such 
doubts. 

In  a  recent  investigation^  Adams  and  Stromberg  conclude  that 
"for   stars   with  proper   motions   less   than   o"o20   annually  the 

'  Astrophysical  Journal,  47,  189,  1918. 
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parallaxes  appear  to  be  nearly  independent  of  proper  motion  and 
dependent  only  upon  magnitude." 

More  recent  preliminary  results  (unpublished)  of  an  investiga- 
tion here  by  First  Astronomer  Zimmer  of  peculiarities  encountered 
in  his  work  of  determining  fundamental  places  with  our  new 
Repsold  meridian  circle,  not  only  tend  to  confirm  the  foregoing 
conclusion  of  Adams  and  Stromberg,  but  throw  doubt  upon  the 
assumed  absolute  parallaxes  of  practically  all  stars.  The  details 
of  these  investigations  mil  be  given  by  Zimmer  in  another  place. 
The  e\ddence  upon  which  the  doubts  rest  in  this  case  is  too  extensive 
to  give  here. 

In  Zimmer's  list  of  stars  there  are  21  of  t)rpe  B  and  2  of  t^-pe  O. 
If  the  observed  quantities  are  parallax  these  stars  have  large 
parallaxes.  The  O  and  B  stars  were  chosen  partly  because  of  their 
supposed  great  distance  and  consequently  to  furnish  a  better  test 
of  the  possibility  that  the  observed  effect  was  parallax.  The 
result  has  been  a  complete  surprise.  The  proper  motions  of  these 
O  and  B  stars  are  vanishingly  small,  so  that  if  large  parallaxes  for 
them  are  confirmed,  grave  doubt  is  thrown  upon  the  whole  question 
of  the  relation  of  parallax  to  size  of  proper  motion.  In  other 
words,  without  some  other  criterion  it  will  be  impossible  to  consider 
proper  motion  as  a  reliable  indication  of  distance. 

An  examination  of  Stromberg's  investigation^  of  the  parallax 
of  700  stars  spectroscopically  determined  reveals  some  discordances 
which  appear  to  me  to  be  significant  in  this  connection.  The  curves 
in  his  Fig.  i  show  a  marked  deviation  from  the  ordinary  formula, 
as  he  points  out.  His  new  formula  represents  the  stars  of  F  and  G 
types  satisfactorily,  but  not  so  the  K  and  M  stars.  In  order  better 
to  show  these  peculiarities  I  have  redrawn  these  two  curves  as 
Fig.  I  of  this  paper,  omitting  the  broken,  straight  line.  I  cannot 
believe  that  such  consistent  divergences  of  the  observations  in  two 
distinct  cases  are  purely  accidental.  If  they  are  not  accidental, 
then  one  formula  will  not- fit  both  giant  and  dwarf  stars.  We 
can,  however,  draw  a  curve  through  the  giants  in  both  groups 
which  will  also  fit  and  include  the  dwarfs  by  shifting  it  bodily  in 
distance.     Such    curves    are    given    in    Fig.    2.     Is   not    this    an 

^  Astro  physical  J  our)iaI.  47,  10,  191S. 
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indication  also  that  the  derived  parallaxes  of  these  more  distant 
stars  may  be  too  small  ? 

From  the  way  in  which  parallactic  displacements  are  obtained 
it  does  not  seem  possible  that  the  observed  parallaxes  of  any  stars 
can  be  too  large.  If  the  background  of  stars  used  in  such  investi- 
gations is,  however,  not  so  distant  as  has  been  assumed,  then  the 


I  I  I 


_    _/.5 


-ZO 


Fig.  I. — Relation  between  log  t  and  log  m  for  K  and  M  stars 

A — Stars  distant  from  sun's  apices 
B — Stars  near  sun's  apices 
Dotted  curves  represent  formula 
log  IT  =  log  ^+log  (M+f) 


accepted  absolute  parallaxes  may  be  too  small.  The  evidence 
upon  which  the  distance  of  this  background  of  stars  has  been 
accepted  as  great  is  not  lightly  to  be  thrown  aside.  But  in  view  of 
the  difficulty  of  obtaining  directly  the  distances  of  these  stars,  and 
the  contrary  exddence  which  is  at  hand,  it  is  certainly  permissible 
to  consider  the  possibility  of  the  absolute  parallaxes  in  general 
being  too  small. 
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It  may  be  noted  also  that  Stromberg's  curves  of  parallax  for 
the  F  and  G  stars  show  some  slight  indications  of  the  discontinuity 
which  is  so  marked  in  the  K  and  M  stars.  It  would  not  attract 
attention,  however,  except  for  the  large  break  in  the  K  and  M  stars. 

The  discontinuity  in  the  parallaxes  of  the  K  and  M  stars  foimd 
by  Stromberg,  the  conclusions  of  Adams  and  Stromberg  regarding 
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Fig.  2. — Relation  between  log  t  and  log  m  for  K  and  M  stars 

Dotted  portions  of  curves  are  extrapolations  on  the  assumption  that  the  small 
parallaxes  may  be  too  small. 


the  relation  between  parallax  and  proper  motion  in  the  case  of  the 
stars  of  small  ju,  but  above  all  the  suspicions  raised  by  Zimmer's 
investigations  and  the  consequent  effects  of  a  general  change  in 
parallax  upon  all  absolute  magnitudes,  if  confirmed,  will  necessitate 
a  re-examination  of  practically  all  the  absolute  magnitudes  after 
the  question  of  parallax  has  been  definitely  answered.  Should  the 
present  suspicions  in  the  matter  of  parallax  be  confirmed,  it  seems 
certain  that  the  corrections  required  would  be  greatest  among  the 
stars  which  are  now  classed  as  very  bright. 
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The  foregoing  considerations  seem  to  render  useless  any  attempt 
at  present  to  determine  the  distances  of  the  different  groups  of  stars 
of  small  ij  of  Table  I  of  my  former  paper.  To  this  extent  the  objec- 
tion of  Adams  and  Stromberg  to  that  evidence  appears  to  be  upheld, 
at  least  for  the  present. 

An  examination  of  the  frequency-curves'  of  absolute  magnitudes 
by  Adams  and  Joy  is  of  some  interest.  The  mean  magnitudes  of 
the  giants  are  rather  consistent  and  about  + 1  for  all  of  the  spectral 
classes  given.  On  the  other  hand  the  magnitudes  of  the  dwarfs 
decrease  consistently  from  +4I  for  the  stars  of  t}pe  F  to  -j-ii  for 
the  stars  of  tjpe  M.  A  consideration  of  the  absorption  effects 
of  their  atmospheres  seems  to  furnish  a  reason  for  the  decline  in 
brightness  of  the  "dwarfs."  The  same  consideration  seems  to 
require  an  explanation  for  the  nearly  uniform  brightnesses  of  the 
''giants"  of  all  spectral  classes. 

It  is  somewhat  suggestive  in  this  connection  that  the  stars 
(K  and  ]M)  which  show  the  striking  discontinuity  in  parallax  are 
the  same  which  show  the  greatest  separation  as  to  absolute  mag- 
nitude. 

An  attempt  was  made  to  decide,  by  means  of  least-square 
solutions  from  210  stars  whose  parallaxes  had  been  measured 
spectroscopically,  whether  the  dependence  was  upon  absolute 
magnitude,  or  upon  distance,  or  upon  both.  Ellipsoidal  motion 
was  directly  allowed  for.  The  results  showed  a  larger  dependence 
upon  distance  than  upon  absolute  magnitude,  but.  on  account  of  the 
small  amount  of  data  available  and  the  suspicions  which  now 
attach  to  stellar  parallax  in  general,  little  weight  is  attached  to  them. 

With  regard  to  the  objection  raised  to  the  application  to  radial 
velocities  of  factors  which  ^vi[\  reduce  all  the  stars  to  the  same 
proper  motion,  the  manifest  uncertainties  in  the  present  case  seem 
to  render  superfluous  a  discussion  of  my  procedure.  It  is  very 
often  desirable  and  a  common  practice  to  attempt  to  render  homo- 
geneous groups  of  data  within  reasonable  Hmits.  If  the  size  of  ju 
is  an  index  of  velocity  rather  than  of  distance,  as  now  seems  possible, 
the  effect  of  my  reduction  was  to  render  the  velocities  of  the  groups 
of  dift'erent  apparent  magnitudes  more  comparable  (and  perhaps 

'  Astrophysical  Journal,  46,  335,  1917. 
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necessary),  but  had  little  bearing  on  the  factor  of  distance.  The 
classification  according  to  apparent  magnitude  may  be  one  accord- 
ing to  distance  also,  but  that  this  is  strictly  the  case  seems  doubtful. 

It  seems  to  me  that  the  effect  of  a  large-distance  dispersion 
in  the  stars  of  small  ix  is  not  necessarily  of  such  great  importance  as 
suggested  by  Adams  and  Stromberg.  I  was  dealing  with  the  means 
of  six  groups,  four  of  them  containing  from  169  to  317  stars  each. 
Granting  that  there  is  such  a  dispersion  as  considered  by  them, 
100  to  I  (which  in  the  light  of  present  suspicions  seems  doubtful), 
the  means  of  such  considerable  groups  can  scarcely  differ  greatly. 
It  seems  to  me  doubtful  if  the  dispersion  in  distance  of  these  groups 
is  likely  to  be  much  greater  than  their  dispersions  in  velocity,  in 
which  case  the  errors  would  be  comparable. 

The  entire  matter  of  these  dependencies  may  be  looked  at  in 
another  way.  In  practically  all  of  these  classifications  the  great 
majority  of  the  velocities  are  low.  This  is  also  true  to  a  considerable 
extent  in  the  groups  of  fainter  stars  and  those  of  large  /x.  It  was 
found  that  if  velocities  over  30  km'  were  rejected  in  the  investiga- 
tion of  a  relation  to  spectral  class  no  such  relation  remained.  This 
and  other  investigations  show  that  it  is  almost  entirely  the  larger 
velocities  which  cause  these  different  apparent  relations.  These 
large  velocities  appear  to  show  a  strong  preference  for  the  vertices 
of  preferential  motion.  The  direct  inference  from  this  is  that  the 
observed  relations  are  in  reality,  largely  at  least,  effects  of  stream- 
motion,  thus  corroborating  the  results  of  the  direct  classification 
in  which  stream-motion  was  one  of  the  factors. 

The  possible  unconscious  selection  of  large  velocities. — The  fact 
that  the  absolutely  faint  stars  in  the  lists  of  radial  velocities  have 
resulted  from  selections  of  stars  largely  because  of  their  large  propei 
motions  raises  the  question  whether  such  an  unconscious  selection 
has  not  also  led  to  high  velocities  generally  in  these  stars.  A  list  of 
stars  selected  because  of  their  large  proper  motions  must  lead,  not 
only  to  nearness  and  absolute  faintness,  but  also  to  unusually  large 
velocities.  If  there  is  little  or  no  relation  of  distance  to  size  of 
proper  motion,  then  variations  in  the  size  of  proper  motion  become 

'  In  the  1800  stars  used  by  me  only  12  per  cent  have  radial  velocities  of  30  km 
or  over. 
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in  general  indications  of  differences  of  velocity,  and  the  possibility 
of  an  unusual  proportion  of  large  velocities  among  the  absolutely 
very  faint  stars  becomes  accentuated.  As  practically  all  of  such 
very  faint  stars  have  come  into  the  lists  because  of  their  large 
(often  excessive)  proper  motions,  it  seems  to  me  very  probable  that 
such  stars  are  not  fair  samples  of  their  respective  absolute  magni- 
tudes— that  in  general  they  may  be  the  largest  velocities  of  their 
classes,  and  that  when  stars  of  much  fainter  apparent  brightness 
have  been  systematically  investigated  the  average  velocities  now 
found  may  be  greatly  reduced. 

Adams  and  Stromberg  lay  stress  upon  the  consequence  arising 
from  the  assumption  of  a  dependence  upon  distance,  that 

such  a  relationship  would  assign  to  the  sun  an  extraordinary'  position  in  the 
stellar  system  which  we  have  no  reason  for  believing  that  it  holds.  It  is  a 
star  of  very  moderate  size  and  mass  and  is  known  to  he  at  a  great  distance 
from  the  center  of  the  galax>'.  It  would  seem  far  more  probable  that  any  rela- 
tionship between  velocity  and  distance  would  be  one  in  which  the  latter  was 
measured  from  some  much  more  fundamental  reference  point  than  our  sun.^ 

Such  a  consequence  of  a  dependence  upon  distance  was  not 
overlooked  in  my  first  investigation,  although  it  was  not  discussed. 
When  my  first  paper  was  written  I  had  in  mind  chiefly  regions  (an 
effect  of  cosmical  matter  which  appears  to  exist  in  galactic  regions), 
as  is  exidenced  by  the  following  expression: 

Some  hj-pothesis  in  which  distance  is  concerned,  probably  rather  in  the 
nature  of  regions,  seems  to  me  to  offer  a  more  satisfactory  explanation  of  the 
observed  facts.  Taking  all  of  these  into  consideration,  I  have  no  hesitancy  in 
expressing  the  belief  that  distance  in  some  manner  plays  a  considerable  part 
in  the  phenomena  in  question.  If  my  h\qDothesis  is  correct  the  chief  factor  is 
distance  or  region,  and  the  absolute  magnitudes,  spectral  classes,  and  changes 
of  velocity  follow  from  the  chfferent  conditions  existing  in  the  near  and  distant 
regions  of  our  stellar  system.  This  would  explain  also  the  very  close  relation 
of  all  of  these  factors. 

For  such  a  scheme  it  is  not  necessary  that  the  observer  should 
be  at  the  center  of  the  stellar  system.  It  is  necessary  only  that  he 
should  be  somewhere  near  the  middle  of  a  region  (not  necessarily 
exactly  circular)  where  the  postulated  cosmical  matter  is  rather 
scarce,  which  region  is  surrounded  in  a  general  way  by  others  richer 

'  Aslrophysical  Journal,  47,  191,  1918. 


302  CD.  PERRINE 

in  such  matter.  It  is  possible  to  conceive  of  many  such  regions 
within  a  stellar  system,  whether  it  be  of  a  general  ring  form  or  spiral. 

There  may  be,  however,  an  even  closer  relation  to  distance  due 
entirely  to  stream-motion.  For  an  observer  situated  in  a  stream 
of  stars,  especially  if  curved,  there  would  be  a  tendency  for  the 
radial  velocity  to  depend  upon  distance  from  the  observer.  A  little 
consideration  will  make  this  plain.  If,  for  example,  the  observer 
is  situated  in  a  stream  of  stars  which  is  rather  sharply  curved,  and 
the  principal  motion  of  the  stars  is  in  the  direction  of  the  stream, 
the  stars  will  appear  to  have  a  preferential  motion  nearly  in  the 
direction  of  a  tangent  to  the  stream  at  the  position  of  the  observer.  In 
such  a  case  the  near  stars  will  show  the  greatest  preferential  motion 
and  the  largest  radial  motions,  which  will  be  in  the  direction  of  the 
stream-motion,  and  there  will  obviously  be  a  real  dependence  of 
the  phenomenon  upon  the  position  of  the  observer.  Something 
similar  might  result  if  the  systematic  motions  were  radial. 

In  conclusion,  I  recognize,  and  so  stated  in  my  first  paper,  the 
necessity  of  confirming  the  conclusion  that  the  near  stars  have,  in 
general,  larger  individual  velocities  than  the  more  distant  ones. 
Such  a  dependence  upon  the  position  of  the  observer  is  theoretically 
at  least  possible.  In  my  opinion  the  conclusion  that  the  smaller 
stars  are  moving  more  rapidly  than  the  large  ones  also  requires 
confirmation,  although  I  can  see  reasons  for  such  a  condition,  and 
some  evidence  favors  it.  It  has  yet  to  be  shown,  however,  what  the 
effect  would  be  of  directly  eliminating  stream-motion  from  the 
absolute  magnitudes.  It  may  be  that  there  are  dependencies  upon 
both  magnitude  and  distance. 

It  is  suggested  that  a  possible  unconscious  selection  of  large 
velocities  among  the  absolutely  faint  stars  may  be  partly  responsible 
for  the  apparent  dependence  upon  magnitude  as  well  as  some  others 
of  the  dependencies  observed. 

I  look  forward  to  the  time  when  the  present  uncertainties  as 
to  parallax  will  be  resolved  and  enough  data  will  become  available 
to  enable  me  to  continue  the  investigation  with  hope  of  a  decisive 
result. 

Observatorio  Xacioxal  Argextixo,  Cordoba 
July  25,  19 1 8 


THE  CHANGE  IX  BRIGHTNESS.  SPECTRUM,  AND 

TEMPERATURE  OF  NOVA  AQUILAE  NO.  3 

By  mextore  :maggixi 

Using  my  Heterochrome  Photometer'  I  have  observed  Nova 
Aquilae  during  the  interval  Jime  12 — September  22.  The 
observations  were  made  at  wave-lengths  645  ^t^t,  558 //^u.  412  fi/ji. 
As  558  niJ.  is  about  the  mean  wave-length  corresponding  to  the 
magnitudes  in  natural  light,  we  can  assume  that  comparisons  at 
558  fxfj.  are  equivalent  to  the  visual  magnitudes.  Comparisons 
were  executed  according  to  the  following  scheme:  The  ocular 
tube  is  placed  at  the  distance  30  mm  from  the  focus  and  three 
comparisons  (star  No.  i,  Nova,  star  No.  2)  were  made,  then  three 
(star  No.  2,  Nova,  star  No.  i).  A  complete  set  in  three  radiations 
requires  about  twenty-five  minutes. 

^lagnitudes  of  comparison  stars  at  558  (xfx  are  the  Harvard 
magnitudes.  At  645  and  412  /x^  they  were  determined  with  the 
photometer  as  follows:  I  have  adopted  for  stars  of  spectral  t}-pe  A 
the  magnitude  in  all  radiations  equal  to  that  of  Harvard  Photometry; 
by  selecting  a  considerable  number  of  stars  from  tA-pes  Bo  to  Mo 
the  scale  of  magnitude  at  645  fxfx  and  412  mi  was  obtained,  measur- 
ing their  difference  from  the  Ao  stars  and  making  the  difference  in 
the  three  radiations.  The  values  were  then  plotted  against  the 
tj-pes  of  these  stars,  and  smooth  curves  were  drawn  through  the 
several  points.  These  curves  provide  the  means  of  converting 
determinations  of  magnitude  for  the  three  radiations  into  spectral 
t^'pe.  According  to  these  curves  the  relation  between  spectral 
t}'pe  and  magnitude-differences  can  be  regarded  as  linear,  i.e., 

fnss&-m6,s  =  +o.ig8  s 

^41,-^558  = +0.353  5  (i) 

W4i2  —  W645  = +0.526  5 

'  Comptes  Rendus,  i66,  284,  1918;  Bulletin  Astronomiqiie,  35,  131,  1918;  Popular 
Astronomy,  26,  380,  1918. 
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in  which  5  has  the  values  - 1,  o,  + 1,  etc.,  according  as  the  spectrum 
is  Bo,  Ao,  Fo,  etc'  Table  I  (p.  305)  contains  the  observed 
magnitudes  of  Nova  Aquilae. 

These  observations  were  plotted  on  Fig.  i .  The  curves  show  that 
the  brightness  of  the  Nova  increases  according  as  the  refrangibility 
of  radiation  diminishes.  During  the  greatest  brightness  its  color 
was  white,  as  a  Lyrae;  correspondingly  the  brightness  set  412  nfx 
was  greater  than  at  645  and  558  fx/x.  Conspicuous  changes  were 
observed  in  the  light.  A  species  of  pulsation  is  recorded  with 
regular  intervals  on  the  dates  June  18,  24,  30,  July  11,  30,  in  which 
the  brightness  at  645  and  412  /x^i  has  the  lea^t  difference;  hence 
the  color  of  the  Nova  passed  from  the  red  toward  the  white.  The 
period  of  these  changes  is  about  six  days. 

On  the  other  hand  if  we  consider  the  change  at  558  fxfx.  i.e.,  in 
the  visual  light,  we  find  a  pulsation  having  a  period  of  about  10-13 
days,  and  the  minima  fall  at  the  following  dates : 

June  17 


27 


July 


Aug, 


13 


15 


This  period  can  also  be  of  24-26  days  with  a  secondary  minimum. 

'  If  we  consider  the  ratios  -^  ,  ^^  ,  — ^  ,  thev  show  the  energ\'-distribution  in 
558    412     412 

the  different  classes.     We  have  the  following  table: 


64s 
ss8 


Bo  . 
Ao  . 
Fo  . 
Go. 
Ko. 
Mo. 


0.83 
1 .00 
■  I.  20 
1.44 

I    73 
2.07 


5S8 

64s 

412 

412 

0.72 

0.60I 

1. 00 

1. 00 

I   39 

1.62I 

1.92 

2.76J 

2  65 

4.58 

367 

7.61 

Merrill 


6.0 
6.5 


The  last  column  contains  the  ratio  of  red  to  blue  light  measured  by  Merrill  ("Applica- 
tion of  Dic\-anin  to  the  Photography  of  Stellar  Spectra."  Scientific  Papers  of  lite 
Bureau  of  Standards,  Xo.  318)  in  good  agreement  with  my  results. 
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Nc 

igiS 

G.M.T. 

Mag. 

Mag. 

Mag. 

Notes 

No 

1918 

G.M.T. 

Mag. 

Mag.  i  Mag.  ^ 

64s  1^1^ 

558  MM 

412  MM 

64s  MM 

558  MM  412  MM 

I 

.  June  12 

8'^35- 

0M26 

0-^'20 

-0^13 

II 

39 

July  27 

8'»46'» 

3M11 

3'«9i;  4¥93!  ] 

[II 

2 

13 

8  45 

0-55 

0 

73 

+  1 

33 

II 

40 

28 

8  53 

3 

10 

3 

79  4 

75 

3 

14 

8  45 

1 .00 

14 

I 

52 

II 

41 

29 

8  58 

3 

02 

3 

85  4 

85  ] 

4 

15 

9  30 

1.02 

10 

I 

75 

II 

42 

■  ^    30 

8  55 

3 

18 

3 

80  4 

5°  1 

5 

16 

8  55 

1.09 

70 

2 

35 

II 

43 

31 

8  40 

3 

03 

3 

88  4 

58  1 

6 

17 

9  0 

1-73 

91 

2 

36 

II  M 

44 

■  Aug.  I 

8  20 

3 

.18 

4 

30  5 

31: 

7 

18 

9  10 

1.79 

75 

I 

90 

II  M 

45 

2 

8  0 

3 

20 

4 

34  5 

39 

8 

20 

9  15 

1.70 

2 

24 

3 

34 

II  M 

46 

4 

8  5 

3 

08 

4 

30  5 

35   ] 

9 

21 

9  45 

1.82 

2 

45 

3 

50 

IIIM 

1  47 

•i     7 

8  17 

3 

10 

4 

10  5 

35  ] 

10 

22 

9  10 

2.00 

2 

47 

3 

54 

I  M  • 

48 

A             8 

i 

7  45 

3 

17 

4 

20  5 

25,  ] 

II 

23 

9  30 

2.25 

2 

92 

3 

32 

II  M 

49 

.!    10 

8  0 

3 

02 

4 

20  5 

48,  ] 

12 

24 

8  43 

2.73 

3 

13 

3 

42 

I  M 

50 

■i    " 

8  10 

3 

05 

4 

35  5 

SO  ] 

13 

25 

8  40 

2-51 

3 

28 

4 

62 

I  M 

51 

•1    12 

8  43 

3 

28 

4 

37  5 

63  ] 

14 

26 

8  48 

2.82 

3 

65 

5 

01 

III 

52 

13 

8  35 

3 

32 

4 

45,  5 

52  ] 

II 

IS 

27 

8  52 

3.02 

3 

89 

5 

37 

I 

53 

14 

8  30 

3 

17 

4 

45i  5 

60  ] 

[  M 

16 

28 

8  53 

3-34 

3 

84 

5 

02 

II 

!  54 

IS 

8  38 

3 

30 

4 

5°  5 

42  ] 

[  M 

17 

29 

9  12 

2.92 

3 

41 

4 

40 

I 

1  55 

16 

9  0 

3 

18 

4 

40  5 

65  ] 

[  M 

18 

30 

9  25 

3.02 

3 

35 

4 

15 

II 

56 

17 

8-  2 

3 

20 

4 

40  5 

53  ] 

[  M 

19 

July  I 

9  30 

2.73 

3 

34 

4 

60 

I 

57 

•  I    18 

8  33 

3 

22 

4 

50,  5 

50 

II M 

20 

2 

9  0 

2-59 

3 

25 

4 

45 

I 

58 

.!    20 

9  IS 

3 

70 

4 

7ii  5 

52,  ] 

21 

4 

9  15 

2.78 

3 

22 

4 

15 

I 

59 

21 

9  30 

3 

73 

4 

75  5 

51; 

22 

5 

9  30 

2-73 

3 

22 

4 

15 

III 

60 

23 

9  0 

3 

75 

4 

60  5 

55 

23 

6 

9  0 

2.60 

3 

30 

4 

65 

III 

61 

24 

8  40 

3 

60 

4 

75  5 

6oi  ] 

24 

7 

9  20 

2.6s 

3 

34 

4 

40 

I    ' 

62 

25 

9  0 

3 

45 

4 

70,  5 

73'  ] 

I 

25 

8 

9  10 

3.12 

3 

77 

5 

00 

I 

63 

27 

9  10 

3 

40 

4 

40  5 

80;  ] 

26 

9 

9  0 

3  25 

3 

86 

5 

12 

II 

64 

28 

9  9 

3 

72 

4 

SO  5 

82  ] 

I 

27 

II 

9  30 

3-4° 

3 

83 

5 

01 

II 

6s 

31 

8  10 

3 

80 

4 

80  5 

80  ] 

28 

12 

10  0 

356 

3 

95 

4 

74 

I 

66 

■  Sept.  3 

8  16 

3 

75 

4 

88  5 

85  ] 

I 

29 

13 

8  55 

338 

3 

72 

4 

60 

I 

67 

4 

8  8 

3 

68 

4 

88  5 

85  ] 

30 

14 

9  15 

3-^3 

3 

82 

4 

81 

II 

68 

5 

9  IS 

3 

85 

4 

80  5 

82  ] 

31 

15 

9  15 

3.22 

3 

78 

4 

87 

I  M 

69 

.;     8 

7  18 

3 

80 

4 

80  5 

65^  ] 

I 

32 

16 

9  5 

3.22 

3 

91 

5 

00 

I  M 

70 

.'          10 

7  35 

3 

72 

4 

85  5 

62  ] 

33 

17 

9  10 

3  23 

3 

79 

4 

85 

I  M 

71 

II 

7  7 

3 

60 

4 

85  5 

60  ] 

34 

19 

8  35 

3-23 

3 

92 

5 

04 

I  M 

72 

13 

7  50 

3 

60 

4 

90  5 

57 

:  M 

35 

21 

9  21 

336 

4 

25 

5 

23 

I  M 

73 

14 

7  0 

3 

60 

4 

90  5 

55;  ] 

[  M 

36 

24 

9  15 

301 

3 

86 

5 

03 

I  M 

74 

16 

8  8 

3 

60 

4 

90  5 

45:  ] 

[  M 

37 

25 

9  7 

2.98 

3 

90 

5 

15 

I  M 

75 

21 

8  15 

3 

82 

4 

43i  S 

15  ] 

[I  M 

38 

26 

8  40 

2.90 

3 

86 

5 

12 

I  M 

76 

22 

7  33 

3 

28 

4 

8oi  5 

72  ] 

[I  M 

I  =  Very  fair.     11  =  Sky  fair.     Ill  =  Sky  veiled  at  the  horizon.     M  =  Moonlight. 


SPECTRAL   TYPE 

The  relations  (i)  have  been  used  in  the  determination  of  spectral 
type;  magnitude-differences  W412  — We^s  were  taken  and  spectral 
type  deduced  from  the  last  equation  (i);  the  results  are  in  the 
fourth  column  of  Table  II  and  in  Fig.  2.  They  show  that  at  the 
first  observation  (June  12)  the  Xova  was  of  spectral  type  B6. 
In  general  during  the  month  of  June  the  spectrum  changed  from 
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TABLE  II 


No. 

igi8 

I6U 

J4ia 

Sp. 

T 

No. 

1918 

till 

Sp. 

T 

I 

June  12 

1.28 

B6 

14500° 

39 

July  27 

5-35 

K4 

4300" 

2 

13 

2 

05 

F4 

6400 

40 

28 

4 

57 

Ki 

4500 

3 

14 

I 

61 

Fo 

7300 

41 

29 

5 

40 

K4 

4200 

4 

15 

I 

96 

F3 

6600 

1  ^^ 

30 

3 

37 

G4 

5000 

5 

16 

3 

19 

G3 

5200 

1   43 

31 

4 

17 

G9 

4700 

6 

17 

I 

79 

F2 

6900 

1   44 

Aug.  I 

7 

11 

K9 

3900 

7 

18 

I 

II 

A2 

9700 

i   45 

2 

7 

52 

Mo 

3800 

8 

20 

5 

45 

K4 

4200 

;    46 

4 

8 

09 

M2 

3700 

9 

21 

4 

70 

Ki 

4400 

;   47 

7 

7 

94 

M2 

3800 

lO 

22 

4 

13 

G8 

4700 

!  48 

8 

6 

79 

K8 

3900 

11 

23 

2 

68 

Go 

5600 

49 

10 

9 

64 

M6 

3500 

12 

24 

I 

89 

F3 

6700 

50 

II 

9 

55 

M5 

3600 

i3 

25 

7 

24 

Mo 

3800 

51 

12 

8 

71 

M3 

3700 

14 

26 

7 

52 

Mo 

3800  , 

52 

13 

7 

59 

Ml 

3800 

15 

27 

8 

71 

M3 

3600 

53 

14 

9 

38 

M5 

3600 

i6 

28 

4 

70 

Ki 

4400 

1  54 

15 

7 

05 

K9 

3900 

17 

29 

3 

91 

G7 

4800 

55 

16 

9 

73 

M6 

3500 

i8 

30 

2 

83 

Gi 

5500 

56 

17 

8 

55 

M3 

3700 

19 

July  I 

5 

60 

K5 

4200 

57 

18 

8 

17 

M2 

3700 

20 

2 

5 

55 

K5 

4200 

i  58 

20 

5 

35 

K4 

4200 

21 

4 

3 

53 

G5 

5000 

1  59 

21 

5 

15 

K3 

4300 

22 

5 

3 

70 

G6 

4900 

'  60 

23 

5 

25 

K3 

4200 

23 

6 

6 

61 

K8 

4000 

61 

24 

6 

31 

K7 

4000 

24 

7 

5 

01 

K2 

4300 

62 

25 

8 

17 

M2 

3700 

25 

8 

5 

65 

K5 

4200 

63 

27 

9 

12 

M4 

3600 

26 

9 

5 

60 

K4 

4200 

64 

28 

6 

92 

K9 

3900 

27 

II 

4 

41 

Ko 

4600 

65 

31 

6 

31 

K7 

4000 

28 

12 

2 

97 

G2 

5300 

66 

Sept.  3 

6 

92 

K9 

3900 

29 

13 

3 

08 

G3 

5300 

67 

4 

7 

38 

Mo 

3800 

30 

14 

4 

29 

G9 

4600 

68 

5 

6 

14 

K7 

4000 

31 

15 

4 

57 

Ki 

4500 

69 

8 

5 

50 

K4 

4200 

32 

16 

5 

15 

K3 

4300 

70 

10 

5 

75 

K5 

4100 

33 

r? 

4 

45 

Ko 

4500  ; 

71 

II 

6 

31 

K7 

4000 

34 

19 

5 

30 

K4 

4300 

72 

13 

6 

14 

K7 

4000 

35 

21 

5 

60 

K5 

4200 

73 

14 

6 

03 

K6 

4100 

36 

24 

6 

43 

K7 

4000 

74 

16 

5 

50 

K4 

4200 

37 

25 

7 

38 

Mo 

3800 

75 

21 

3 

40 

G5 

5000 

38 

26 

7 

73 

Mi 

3800 

76 

22 

9 

46 

Ms 

3600 

B  to  M ;  in  July  it  remained  at  about  K ;  in  August  and  September 
it  was  of  type  M/ 

It  is  clearly  evident  that  in  the  spectral  type  we  find  recorded 
the  fluctuations  in  the  brightness.  At  the  dates  June  12,  18.  24.  30, 
we  have  a  return  of  spectrum  toward  the  types  F  and  A;  this 
phenomenon  may  be  seen  also  in  July  and  August.     In  the  following 


'These  are  of  course  only  the  inferences  as  to  spectral  type;   the  spectroscopic 
observations  do  not  show  such  changes. — Ed. 
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table  are  the  dates,  spectral  types,  and  amplitude  of  fluctuations 
in  spectral  classes: 


Min. 

Max. 

Ampl. 

June  12 

B6 

A2 
F3 

Gi 
G4 

June  16. . . . 

20 ... . 

27.... 
July  2 . . . . 
Aug.     4.... 

G3 
K4 

2.7 

i8 

24 

30 

M3       ^       3^0 

July  30 

M2 

;:8 

We  see  that  the  amplitudes  diminish. 

EFFECTIVE    TEMPERATURE 

Having  the  brightness  in  three  special  radiations  we  have 
determined  for  every  observation  the  effective  temperature  of  the 
Nova.  According  to  Planck's  law  the  most  approximate  relation 
between  color  and  temperature  of  a  body  is 

c 

j=c\--^{^-i)-\ 

in  which  J  is  the  energy  at  wave-length  X,  T  the  effective  tempera- 
ture, C  and  c  are  constants.  For  two  regions  of  spectrum,  Xi  and  X2, 
we  have  the  ratio: 

/._/XA5e^-i 

Now  if  for  a  star  ij,  and  (2  are  the  observed  brightness  at  Xi,  X2,  and 
if  /i  =Ki,  and  J2=Ki2,  we  have 


/i 


log  (j)  =log  A'+log  l~j  =log  A'-}-o.4(w,-Wx). 
Hence  for  a  star  of  known  temperature  To 

log  ( jT/j  =log  A'+o.4(w^-Wi). 
Subtracting  we  have: 

log  (^j])  -log  ij,j  =o.4{m,-m,)-(m'2-m[)]. 
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And,  according  to  Planck's  law, 
0.4(^2— Wi)  —  (w2  —  wi)]  = 

[log  (e^"^-i)-log  (e^"^-i)]-[log  {A'-^)-\og  (A'-i)]. 

This  expression  provides  the  means  of  determining  effective  tem- 
perature T  of  the  Xova,  when  we  know  the  magnitude-differences 
in  two  radiations  and  the  magnitude-differences  corresponding 
to  the  known  temperature  To. 

I  have  determined  the  temperature  of  the  Xova  for  each  date, 
introducing  in  the  expression  the  quantities : 

c=  14200' 
7^0  =  10700° 

The  temperature  To  corresponds  to  spectral  t}-pe  Ao  according  to 
the  Potsdam  results. 

The  values  of  effective  temperature  were  deduced  from  the 
magnitude  =  differences  W412— W645".  they  are  in  Table  II.  Two 
further  sets  of  values  were  also  obtained  from  the  magnitude  = 
differences  m^^  —  mt^s  ^^<^  ^Aiz  —  m^^s',  these  temperatures  are 
different  from  that  of  Table  II.  This  fact  is  a  sign  that  the  distribu- 
tion of  energy  in  the  spectrum  of  the  Xova  has  changed  from  day 
to  day.  The  temperature-differences  ^(.n, -645)  — 2^(553-645}  and 
7^(412-645)  — ^(+12-558)  were  formed  and  plotted  in  Fig.  2.  We  see 
that  the  greatest  and  irregular  changes  are  during  the  period  of 
greatest  luminosity.  Since  Planck's  law  refers  to  the  black  body, 
the  following  conclusions  may  be  deduced  from  Fig.  2 : 

* .  Energy-distribution  in  the  spectrum  of  the  Xova  has  changed ; 
the  Xova  does  not  follow  the  law  of  the  black  body. 

2.  Except  in  the  first  days  of  observation,  temperature  ^^4l,_645) 
is  constantly  superior  to  2^(558-645)  and  inferior  to  T^^^.-sss-i- 

3.  The  temperature-differences  increase  according  as  the  bright- 
ness of  the  Nova  diminishes,  hence  the  difference  from  the  black 
body  increases. 

Florence 
October  19 18. 

'  Holborn  und  \'alentiner.     Sitzungsberichte  der  Akademie  Berlin,  1906,  Sii. 


THE  PERIOD  OF  004872  V  TUCANAE 

By  BERNHARD  H.  DAWSOX 

The  variability  of  the  star  V  Tucanae  was  discovered  by  Miss 
Annie  J.  Cannon  from  an  examination  of  plates  taken  at  Arequipa 
and  was  announced  in  Harvard  Circular,  No.  134,  where  the  star 
is  designated  H.  V.  3021.  In  Astronomische  Nachrichten,  No. 
4230,  it  was  given  the  provisional  designation  185:1907,  in  accord- 
ance with  the  custom  of  that  periodical.  The  Variable  Star  Com- 
mittee of  the  Astronomische  Gesellschaft,  in  their  list  published  in 
Astronomische  Nachrichten,  No.  4278,  gave  it  the  definitive  name 
V  Tucanae,  and  it  first  appears  in  the  Vierteljahrsschrijt'oi  that 
Society  in  the  "Katalog  und  Ephemeriden  fiir  1909"  in  Vol.  44. 

The  star  is  C.P.Z).  — 72°  69,  magnitude  9.9,  and,  so  far  as  the 
writer  knows,  it  has  not  been  observed  on  the  meridian.  Its  place 
according  to  the  C.P.D.  is 

a  =  o'^47'^  15^;     5= -72°  40:8,     1875.0 

from  which  are  derived 

a^o*^  48"°  10^;     6=— 72°  32^6,    1900.0 
X  =  3i2°i8!9;     I3=— 64°  g'.g,     1900.0 
log.  8,308  cos  13  =  0.55878 

The  La  Plata  observations  are  comparisons  by  Argelander's 
method,  using  several  neighboring  stars  whose  co-ordinates  and 
assumed  magnitudes  are  given  in  Table  I.  As  there  are  no  stars 
in  the  neighborhood  as  faint  as  the  variable  with  photometrically 
determined  magnitudes,  the  adopted  magnitudes  have  been  derived 
from  the  observations,  with  the  more  or  less  arbitrary  assumption 
that  the  light-step  is  equal  to  a  tenth  of  a  magnitude  in  all  parts 
of  the  scale.  The  observations  themselves  are  given  in  Table  II, 
which  also  contains  other  data  explained  later.  Of  the  148  observa- 
tions 63  are  well  toward  the  middle  of  the  eclipse,  giving  magnitudes 
of  10.48  or  fainter  on  the  scale  adopted,  and  were  assigned  full 
weight  in  the  determination  of  period;   28  others  during  eclipse  but 
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not  so  near  minimum  were  given  half  weight,  and  the  rest  were 
considered  as  of  no  weight  in  the  determination  and  were  dis- 
regarded except  in  dra^^^ng  the  Kght-curve.  From  the  depth  of 
the  primary  minimum  it  was  seen  that  the  secondary  minimum 
would  be  too  shallow  to  be  accurately  observed  by  this  method,  and 
no  attempt  was  made  to  observe  that  part  of  the  curve  further  than 
a  few  comparisons  to  eliminate  the  possibility  of  a  period  half  of 
that  here  derived. 

TABLE  I 
Comparison  St.^hs 


Designation  Employed 


C.  P.  D. 

Number 


Aa 


Adoj)ted 
Magnitude 


r 

—  72°  70 

/ 

73  49 

72    72 

s 

a 

72    65 

y 

72    71 

X 

X 

T 

^ 

a 

+o™ii* 
-I  4 
+  2  41 
-5  24 
+3  21 
+1  59 
+0  30 
+  2  26 
-o  34 
—  o  36 
— o  42 
+0     4 


+  13-6 
-19.4 
+   7-6 

-  13.2 

-  6.8 

-  8.6 

-  41 
-10.8 
+  4-2 
+  5-9 

-  0.7 
+  0.5 


9.69 

9  79 
9.82 

9-95 
10.08 
10. 14 
10.31 
10.45 

"•55 
11.67 
11.79 
12.25 


The  preliminary  reduction  was  made  by  sketching  a  curve  from 
the  observations  of  each  echpse  and  taking  the  mid-point  of  the 
best  determined  horizontal  chord  as  the  time  of  minimum.  These 
prox-isional  minima  were  weighted  arbitrarily,  and  a  solution  was 
made  for  preKminary  values  of  epoch  and  period,  with  which  an 
ephemeris  was  computed.  Calling  T  the  time  of  minimum  given 
by  this  ephemeris.  the  quantity  /  —  T  was  derived  for  each  observa- 
tion, and  all  the  observations  were  united  upon  a  single  plot  with 
the  arithmetical  value  of  /  — T  as  abscissa.  Through  these  points 
was  dra\Mi  the  curve  which  seemed  best  to  represent  them,  and  from 
this  curve,  with  magnitude  as  argument,  a  value  of  T  —  t  was  read 
oft  for  each  observation  during  eclipse  and  applied  to  the  time  of 
observation  to  obtain  a  \alue  of  the  geocentric  time  of  the  corre- 
sponding minimum.    The  several  times  obtained  for  each  minimum 
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were  then  averaged,  giving  half  weight  to  observations  near  the 
beginning  and  end  of  the  ecHp^se,  and  the  mean  times  thus  obtained 
were  reduced  to  the  sun.  These  heHocentric  times  of  minimum 
were  then  used  to  determine  the  elements  of  variation,  with  the 
resulting  formula: 

Minimum  =  J.  D.  2421594 .8368+(o .870910=^0 .000009)  E.. 

On  the  basis  of  this  period  the  observations  during  eclipse  were 
collected  to  a  single  revolution  and  plotted.  As  there  was  no 
a  priori  reason  for  supposing  the  eclipse  unsymmetrical  the  variation 
was  assumed  to  be  s}Tnmetrical.  the  observations  were  grouped 
according  to  time  from  minimum,  and  a  smooth  curve  was  drawn 
through  the  resulting  normal  points. 

As  the  period  so  determined  did  not  represent  all  the  data  given 
in  the  original  announcement  of  variability,  the  matter  was  allowed 
to  rest  at  this  point  for  some  time.  The  minima  of  August  5  and 
6  were  observed  to  check  the  period  derived,  and  later,  through  the 
kindness  of  Miss  Cannon,  the  source  of  the  discrepancy  was  made 
clear.  The  last  plate  mentioned  in  Harvard  Circular,  No.  134,  was 
given  as  of  August  6,  1906,  whereas  the  correct  date  is  August  8, 
1906.  The  time  of  mid-exposure  of  each  of  the  plates  referred  to 
was  also  communicated.  These  data,  together  with  the  computed 
times  of  minimum,  are  given  in  Table  III.  Upon  their  receipt  the 
light-curve  already  determined  was  used  to  derive  new  observed 
epochs  of  minimum,  giving  the  quantities  which  are  included  in 
Table  II  under  the  head  '"Red.  to  Min.,"  in  which  the  quantities 
with  asterisk  (*)  correspond  to  the  observations  which  were  given 
half  weight.  In  the  column  "Geocentric  Min."  the  upper  of  each 
pair  of  numbers  is  the  mean  of  the  observed  times.  After  reduction 
to  the  sun  these  were  combined  with  the  plates  2790,  2791,  3901,  and 
4477,  giving  unit  weight  to  each  plate,  and  a  solution  was  made  for 
epoch  and  period  by  the  method  of  least  squares,  using  equations 
of  condition  of  the  type 

r-2i4i5'427  =  -^+5(£-5457) 
The  normal  equations  deduced  are 

-27d763  =  +8i-4-325 
+96994015  .568=  —32.4  +  1113701175 


3i6  BERN  HARD  H.  DAWSON 

From  these  are  derived  the  values 

A  =  +0^00131  with  weight  81 

5  = +0.87091599  with  weight  111370104 

The  residuals  in  the  equations  of  condition  gi\'e   the  probable 
errors 

±0*^00612  for  the  unit  of  weight 

=t 0.00068  in  A 

±0.00000058  in  B 

and  reintroducing  the  constants  used  in  forming  the  equations  of 
condition,  we  obtain  the  formula 

Minimum  =  J.D.  2416662  .8398+0*^8709160  £. 

in  which  the  computed  times  of  minima  are  subject  to  the  probable 
errors 

±0*^0032  for  E=         o,  first  observation 
±0  0007  for  E=   5457,  best  determined  minimum 
±0.0009  for  E=   6501,  first  minimum  in  1920 
±0.0019  for  £=   8599,  first  minimum  in  1925 
±0.0031  for  £=10695,  first  minimum  in  1930 

TABLE  III 

Photographic  Observations 


Plate  A.  M 

Date 

J.D.  2410000+ 

Comp.  Min. 

Observation 

2790 

2791 

2798 

2810 

2889 

3852 

3868 

3901 

4477 

1904,  June  30 
June  30 
July     I 
July    5 
July  30 

1905,  Sept.    6 
Sept.    8 
Sept.  19 

1906,  Aug.    8 

6662.828 
6662.874 
6663.841 
6667.862 
6692.708 
7095.656. 

7097 • 755 
7108.743 

7431.833 

840 
840 
711 
194 
451 
685 
427 

749 
859 

Variable  faint 
Variable  faint 
Variable  bright 
\'ariable  bright 
Variable  bright 
Variable  somewhat  faint 
Variable  bright 
Variable  faint 
Variable  faint 

The  representation  of  the  observations  by  these  elements  is 
thoroughly  satisfactory.  The  lower  of  each  pair  of  numbers  in 
the  column  "Geocentric  Min."  of  Table  II  is  the-computed  time 
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of  minimum  derived  from  the  foregoing  formula.  The  agreement 
with  the  plates  given  in  Table  III  is  not  quite  so  close,  but  when 
it  is  remembered  that  the  photographic  observations  were  generally 
exposures  of  an  hour,  while  the  eclipse  lasts  barely  four  hours, 
with  the  marked  decrease  in  brightness  lasting  only  two  hours,  it 
seems  remarkable  that  the  variation  was  discovered  at  all. 

With  the  period  given  above  the  visual  observations  during 
and  near  eclipse  were  collected  and  plotted,  and  the  Hght-curve 
was   drawn,    again   assuming   symmetry.     The   plot   obtained   is 
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Fig.  I. — Light-curve  of  \  Tucanae 
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reproduced  in  the  accompanying  figure.  From  the  form  of  the 
light-curve  it  appears  that  the  eclipse  is  partial,  and  near  mid- 
eclipse  the  variation  is  exceedingly  rapid,  amounting  to  half  a 
magnitude  in  twelve  minutes. 

SUMMARY 

From  148  visual  comparisons  of  V  Tucanae  with  neighboring 
stars  the  eclipsing  t^pe  of  variation  was  confirmed,  and  a  period 
of  o .  8709  day  was  deduced. 

A  combination  of  these  observations  with  the  original  Arequipa 
plates  observed  by  ]VIiss  Cannon  has  enabled  the  writer  to  deduce 
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a  formula  for  time  of  minimum  which  will  be  sufficiently  accurate 
for  a  considerable  time  to  come. 

The  period  deduced  from  the  visual  observations  of  191 7-18 
agrees  with  that  deduced  from  all  the  observations  within  the 
probable  error  of  the  former,  indicating  that  the  period  is  sensibly 
constant. 

The  light-curve  indicates  a  partial  eclipse  lasting  0.18  day, 
with  a  loss  of  Hght  amounting  to  1.8  magnitudes  of  the  scale 
employed. 

Lack  of  photometric  data  has  made  it  necessary  to  use  an 
arbitrary  scale,  rendering  the  light-curve  unsuitable  for  the  com- 
putation of  the  physical  elements  of  the  system. 

L.A^  Plata,  Argentina 
September  19 18 
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